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Voorwoord
What is the sound of one hand clapping? . . .
Een AIO, zonder klankbord, medewerking en collega’s kan geen proef-
schrift schrijven. Een van de moeilijkste onderdelen van een proefschrift is
dan ook het dankwoord. Als eerste bedank ik mijn vrouw. Laura, het moet
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De tweede persoon die ik veel verschuldigd ben is mijn dagelijks begelei-
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periode heb gewerkt als met de goede dingen van het leven, en dan met
name het cabaret, ben ik Marc veel dank verschuldigd, hoewel ik nooit
zijn voorliefde voor waterfietsen ben gaan delen. Voor een diepere kennis-
making met Nijmegen ben ik mijn kamergenoten van het eerste uur dank
verschuldigd, Sjoerd en Alex, herzlichen Dank.
De overige A/OIO’s, hoofdvak studenten en vaste stafleden die hebben
meegewerkt om mijn tijd in Nijmegen leuk en productief te maken noem
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Louis, Adrie, Stef W., Stef O. Frans en John. Van buiten de afdeling dan
nog Alex Priem, Robert Stolk, Ed Reijerse, Adri Klaassen, Fred Hagen en
Paul van Kan.
Zonder de hulp van de technische staf van het magnetenlab om de ap-
paratuur te onderhouden, of in het geval van kleinmetaal te maken, strandt
ieder onderzoek al snel op de technische onkunde van de experimentator.
In dat opzicht ben ik dank verschuldigd aan Jos R., Lijnis, Harrie en Henk.
Speciale dank gaat naar Hung, voor zijn hulp (inclusief baby-sitten) bij de
magnetisatie metingen van hoofdstuk 4.
Reinforcements from abroad came from various countries. From beau-
tiful Pisa came help in the form of Giuseppe Annino and Prof. Martinelli.
Mille Grazie. From France came the hardware support for the MVNA, from
the company ABmm. Both Phillippe and Michel, thanks for your help in
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Als laatste wil ik alle leden en (gast)docenten van Dojo SUHARI (Am-
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Chapter 1
High Frequency - Electron
Paramagnetic Resonance
1.1 Introduction to EPR
Electron Paramagnetic Resonance (EPR) is the process of resonant absorp-
tion of microwave radiation by paramagnetic molecules or ionic centers,
containing at least one unpaired electron, in the presence of a magnetic
field. EPR is used to study the interaction between electronic states and
magnetic fields. E.K. Zavoisky is generally credited with the discovery of
EPR spectroscopy, due to his work on the relaxation of Mn2+ ions in solu-
tion in the presence of a magnetic field [1].
This description immediately states the limitations faced by the EPR
spectroscopist. Most (organic) systems have a closed valance shell, and
hence have no unpaired electrons. The majority of EPR research is there-
fore dedicated to systems that have unpaired electrons and sufficiently weak
magnetic interactions not to give rise to (anti)ferromagnetism. Among the
traditionally most studied systems are paramagnetic ions in salts (for in-
stance the ones described in chapters 3 and 4), the electrons in partially
filled bands in both semiconductors and metals, ”rare” stable radicals such
as the oxygen bi-radical (chapter 5) and impurities in EPR silent hosts. EPR
is also used to study the spin states of the metal center in biomolecules [2]
and organometallic complexes.
It is a powerful technique that allows to elucidate the spin state of
11
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individual paramagnetic systems. This is contrary to a magnetization ex-
periment that yields only information about the total magnetization from
which individual properties can be determined [3]. In cases where paramag-
netic domains coexist with ferro or anti-ferromagnetic domains, it becomes
difficult to correlate the magnetization data to individual spins, while EPR
can still yields this information, see chapter 4.
1.1.1 The g-value
EPR becomes a particularly relevant experiment when the magnetic spins
are embedded in a crystal lattice. The spectra then reflect the magnetic
interactions in solids and the coupling of magnetism to crystal field and
lattice vibrations.
The simplest EPR system is a single electron in a vacuum. Due to the
intrinsic magnetic moment of the electron the energy of the two levels, for
the parallel or anti-parallel alignment with respect to the applied magnetic
field, becomes non degenerate and dependent on the external magnetic field
(fig. 1.1).
The resonance is detected when the energy difference between the two
E
B
Eα =  + 1/2 gz μB B
hω
Eβ =  + 1/2 gz μB B
Figure 1.1: The resonance condition for a single electron in vac-
uum in the presence of an external magnetic field, directed along
the z axis of the spin system.
1.1. INTRODUCTION TO EPR 13
spin states equals the energy of the applied photons (eq. 1.1). The ratio
between magnetic field and microwave frequency, or spectroscopic splitting
factor (g) is given by:
ΔE = gμBB0 = ω0 (1.1)
g =
ω0
μBB0
(1.2)
Where B0 is the field of maximum absorbance, usually determined by
the zero crossing in first derivative (field modulated) spectra; μB is the
Bohr magneton, h is Planck’s constant and ω02π is the microwave frequency.
For an electron in vacuum g = 2.00232 . . . [4].
In case the unpaired electron is surrounded by a chemical environment
which is not spherically symmetric the effective g-value is dependent on the
orientation of the molecule with respect to the magnetic field. Depending
on the anisotropy of the g-values the effect leads to line broadening or to
complete splitting of the single resonance for different orientations with
respect to the magnetic field (fig. 1.2) [5].
The Zeeman term of the spin Hamiltonian depends on the spin state of
the molecule, the g-tensor anisotropy and the magnetic field components
along the three principle axes [5, 6, 7, 8]. The Zeeman term can be written
in the generic form:
H = μB−→Bg−→S (1.3)
In which −→B is the static flux density, g is a 3x3 matrix containing gxx,
gxy, . . . , gzz. In cases were a principal axis system can be assigned, in
which the off-diagonal terms are zero, the three principal values of the g-
matrix will be expressed as gx, gy and gz.
−→
S is the vector operator with the
respective Sx, Sy and Sz spin operators.
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Figure 1.2: Magnetic field positions and line shape of the ab-
sorbance corresponding to an S = 1
2
spin system of a crystalline
powder with gx = 1.7, gy = 1.9 and gz = 2.1 at 35 GHz.
1.1.2 Interaction with the nuclear spin
Especially at low external magnetic field, the electron paramagnetic reso-
nance is influenced by the presence of magnetic nuclei in close proximity.
Due to dipolar coupling of the nuclear spin to the electron a hyperfine
pattern is detected.
The hydrogen atom is an example of a system in which this hyperfine
interaction occurs due to the presence of the of the nuclear spin of the
hydrogen nucleus. The general spin Hamiltonian is:
H = μB−→Bg−→S − γN−→B−→I +−→S A−→I (1.4)
In which the first two terms are the Zeeman terms for the electron and
the proton respectively, and the last is the interaction term. After reduction
this leads to the following four eigenvalues (for the magnetic field parallel
to the Sz direction:
Assuming the hyperfine interaction is larger than the nuclear Zeeman
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E1 = 12(gμBβ − γ)B0 + 14a
E2,3 = - 14a± 12
√
a2 + (gμB + γ)2B20
E4 = - 12(gμB − γ)B0 + 14a
splitting there are two allowed transitions, E3 to E1 and E4 to E2 (|βeαp> to
|αeαp> and |βeβp> to |αeβp>). The energy difference between these two
resonances is the nuclear hyperfine interaction. In general the hyperfine
interaction is not detectable in high frequency EPR, since the line widths
of the observed resonances are broader, around 0.1 T, than the hyperfine
interaction, typically of the order of 10 mT.
1.1.3 Zero field splitting and rhombicity
For S = 1
2
systems g-tensor anisotropy is the only effect of the environment,
while for higher spin systems (S = 1, 3
2
, 2, etc) it becomes more complicated.
For example in a triplet molecule (2 unpaired electrons), if the magnetic
field is increased from zero, the relative energies of the three states start
to differ. If the orientation is such that the applied magnetic field direction
coincides with one of the intermolecular axes, only two of the states change
energy and the third remains unaffected. A different one of the three en-
ergy levels remains unaffected if the experiment is repeated along each of
the molecular axis (fig. 1.3 (A)). If the crystal field is of axial (cylindrical)
or lower symmetry the zero field degeneracy is lifted. A graphical repre-
sentation of this symmetry is displayed for an octahedral crystal (fig. 1.3
(B)). The interaction may be represented by the addition of a term DS2z
to Hamiltonian 1.3. Generally a constant is added to leave the center of
gravity of the spectrum unchanged [5]:
H = μB−→Bg−→S + D
(
S2z −
S (S + 1)
3
)
(1.5)
with S the total spin of the system.
In cases where the zero field splitting axis is a rotational axis of threefold
or higher symmetry, there is no difference between the remaining energy
levels. At two fold symmetry such as is depicted for an octahedral symme-
try (fig. 1.3 (C)), an additional term is included lifting the last zero field
16 CHAPTER 1. HIGH FREQUENCY-EPR
E
B
E
B
E
B
A B C
Figure 1.3: Surroundings and energy levels for a triplet ion in
an undisturbed (A), axial distorted (B) and rhombically distorted
(C) octahedral crystal field
degeneracy between the X- and Y-axis (eq: 1.6). It is common practice to
report both D and E in cm−1[9].
H = μB−→Bg−→S + D
(
S2z −
S (S + 1)
3
)
+ E
(
S2x − S2y
)
(1.6)
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1.2 Benefits of high(er) frequencies
Recording EPR spectra at high frequencies (f > 100 GHz) has a number of
advantages over the traditional EPR frequencies of 9, 22 and 35 GHz, such
as increased g-tensor resolution, the ability to measure spin systems with
a large zero field splitting, the possibility of broad band / multi-frequency
measurements and (theoretically) an increase in the overall sensitivity.
1.2.1 Increased g-tensor resolution
The effective g-value is the ratio between frequency and magnetic field.
Near identical values for g in an anisotropic spin system leads to broadened
1.851.901.952.002.05
1.851.901.952.002.05
130GHz
35GHz
9 GHz
285 GHz
Figure 1.4: The influence of increasing frequency on the resolu-
tion of the g-tensor for the anisotropic spin system Na3CrO8. The
horizontal axis is expressed in the g-factor value. (Reproduced
from [10]).
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resonances with little or no structural features, see figure 1.2. Increasing
the frequency directly increases the difference in resonant magnetic field
(eq. 1.7):
ΔBg1,g2 =
ω
μBΔSz
(
g2 − g1
g1 · g2
)
(1.7)
The influence of increasing g-tensor resolution can be quite dramatic as
can be seen in the spectra of Na3CrO8 (fig. 1.4).
1.2.2 Large zero field splittings
In spin systems with more than 1 unpaired electron, only transition between
energy levels that are 1 quantum number (m) apart are allowed (- 1
2
to 1
2
, 0
to 1 . . . ). The centers of the energy levels ([- 1
2
, 1
2
], [- 3
2
, 3
2
] . . . ) are separated
by the zero field splitting. The larger energy quantum allows direct mea-
surement of the Δm = 1 transitions in integer spin systems, resulting in
a more accurate determination of the zero field splitting and the g-values
(fig. 1.5). At lower frequencies these systems can only be studied through
mixing of the electronic states when the molecular and magnetic axis are
not lined up (θ = 0). The g-values and the zero field splitting are then
assessed from variations in the relative intensity at different magnetic fields
and temperatures in a rather indistinct manner.
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Figure 1.5: Comparison of high- (gray) and low-frequency (black)
resonances for an integer spin system (S = 1) with a large zero
field splitting. The Magnetic field is assumed to be parallel to the
zero field splitting axis.
1.2.3 Theoretical increase of sensitivity
The minimum number of detectable spins for a resonant experiment (1.8)
is given by Poole [6]:
Nmin ∝ Vs
Qu η ω20 (Pw)
1
2
(1.8)
Vs is the sample volume, Qu is the quality factor of the unloaded res-
onator, η is the filling factor, ω0 is the microwave frequency and Pw is the
total microwave power. Depending on the external conditions (constant mi-
crowave power, constant energy density at the sample or constant energy
density in the waveguides) the increase in frequency corresponds to an ab-
solute sensitivity increase with ω
7
2
0 to ω
9
2
0 assuming constant sample volume
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while the concentration sensitivity increases with ω
1
2
0 to ω
3
2
0 for a constant
filling factor. [6, chapter 14]. For small increases in frequency at relatively
low frequencies (such as going from 22 to 35 GHz) these predictions are
relatively accurate. At high frequencies other factors also need to be taken
into account, as will be shown in chapter 2.
1.3 Conclusion
In this thesis the building and use of the Nijmegen High Field, High Fre-
quency, broad band operation EPR set-up is described. Focus of this thesis
is the study of paramagnetic systems at both sides of a phase transition.
All spin systems in this thesis had been studied before, but due to
the combined features of our set-up we have been able to observe new
phenomena in the detailed pictures obtained from both sides of a phase
transition.
Our use of this non-invasive technique that yields information on single
spins (as opposed to magnetization experiments) works not only well for
crystallographic and collective magnetic phase transitions, but even a phase
transition of the paramagnetic spin system itself, from one spin state to
another, has been identified.
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Chapter 2
High Frequency EPR
techniques
EPR spectroscopy has been limited to the relatively low frequencies devel-
oped during radar research for a long time. During, and after, the second
world war research was directed towards the development of strong mi-
crowave oscillators and sensitive detectors to improve the newly discovered
radar systems. Since a few years oscillators for higher frequencies have be-
come commercially available and consequently a number of research groups
have started to develop their own high frequency EPR set-ups. Each group
has its own particular solutions to the new problems arising because of the
higher frequencies and the shorter wavelengths, although recently a form
of consensus is beginning to appear. These problems are transmission line
losses, design of an equivalent for the microwave circulator and the design
of the resonator/sampleholder.
2.1 Transmission lines
The most basic spectrometer consists solely of a source of microwave ra-
diation, a sample located in an external magnetic field and a detector [1],
with more or less free radiation propagation in oversized waveguides. This
technique is used in combination with far infra-red lasers, in high mag-
netic field facilities, like Nijmegen (The Netherlands), Tallahassee (Florida,
USA), Grenoble (France) and Tsukuba (Japan).
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In conventional EPR spectrometers the transmission line consists of
single mode waveguides. For frequencies up to about 150 GHz these work
satisfactory, but at higher frequencies the small dimensions of the wave-
guide and in particular the attenuation (αr given by equation 2.1) becomes
problematic. The ohmic losses at high frequencies can amount to a few dB
per meter due to the reduced skin depth and hence the increased skin effect
resistance, equation 2.2 [2, p. 102].
αr =
8.686 · Rs
b
(μ
ε
) 1
2
[
1− (ωcω )2
]
[
1 +
2 · b
a
(ωc
ω
)2]
(2.1)
with:
Rs =
1
σδ
and δ =
(
2
ωμσ
) 1
2
(2.2)
In these equations ω(c) is the (cut-off) frequency, μ the magnetic per-
meability, σ the conductivity of the material used and a and b are the
dimensions of the cross sections of the waveguide. For the simple TEm0
mode αr in dB per meter is given by equation 2.1.
To minimize the ohmic losses in high frequency EPR oversized circular
waveguides and corrugated waveguides can be used. In corrugated wave-
guides the inside is fitted with ridges with a height of λ4 and a spacing
sufficient to allow more than 3 ridges per wavelength. Together with us-
ing Gaussian feedhorns a rectangular single mode TE01 is converted in a
combination of a TE11 and a TM11 circular mode, resulting in the HE11
mode (fig. 2.1). The advantage of the ”mode conversion” is that the result-
ing HE11 mode has little or no interaction with the walls of the waveguide,
thereby reducing the losses considerably [3, 4, 5, 6, 7]
Oversized circular waveguides do not have a HE11 mode and the losses
are higher compared to corrugated waveguides. However the physical di-
mensions of the waveguide with respect to the wavelength minimize the
interaction with the walls of the waveguide, reducing the losses to an ac-
ceptable extend. For a more theoretical approach see reference [8].
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+
TE01
TE11
TM11
HE11
Figure 2.1: The original rectangular TE01 mode is converted in
both the circular TE11 and TM11 modes by a Gaussian feedhorn.
The two modes combine into the relatively lossless HE11 mode in
cylindrical corrugated waveguides.
S D
RES
CIRC
Figure 2.2: Use of directional couplers and circulators in tra-
ditional instruments (S is the source, D the detector, RES the
resonator and CIRC is the circulator).
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2.2 Circulators and directional couplers
Traditional EPR spectrometers use circulators and directional couplers to
direct the microwave energy from the source to the sample and back to the
detector in reflection-type measurements (fig. 2.2) [2, 9, 10]. This coupler
employs the phase coherence of incident and reflected waves. For high fre-
quencies (f > 100 GHz) these devices are not readily available and other
solutions were sought. The usual solution for both oversized and corrugated
waveguides is a beam splitter with ideally 50 % reflectivity mounted at a
45◦ angle (fig. 2.3). Reflection setups at higher frequencies become possible
this way, but at most 25 % of the output power of the source reaches the
detector. To facilitate detection one arm of the beam splitter has a tun-
able mirror. Off resonance this is tuned such that the observed power on
the detector is as low as possible. The absorbance of microwave energy at
resonance is then detected using a heterodyne detection scheme.
Source
Detector
Resonator
M
irro
r
Figure 2.3: Use of beamsplitters and mirrors in our HF set-up.
Relative intensities are color-coded. The darker the color, the more
intense the beam.
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An innovative design for a directional coupler and/or circulator was
devised by Smith and coworkers [3, 5, 6]. Using Gaussian beam optics in
combination with polarizers and a Faraday rotator (usually a magnetized
thin plate of hexaferrite that rotates the incident beam through 45◦) an
effective circulator was build. The benefit of this type of circulators is that
two detection types are supported (see fig. 2.4).
In the first type of experiment the beam coming from the source is
polarized in one direction by the polarizer and rotated through 45 degrees
by the Faraday rotator before reaching the resonator. In the reverse route
the signal coming from the resonator is rotated through 45 degrees by the
faraday rotator before being diverted by the polarizer to the detector. This
set-up allows the full power of the source to reach the detector.
A different type of experiment is the detection of the cross polarized
EPR spectrum. After passing a polarizer the polarized microwave beam
interacts with the resonant electron spins in the resonator. Absorption of a
left (or right) polarized microwave photon will lead to reflected radiation at
an orthogonal (linear) polarization, which can be detected on a near zero
S
R
D
Figure 2.4: Position of the source (S), detector (D), polar-
izer (P), sample holder / resonator (R) and optional 45◦
Faraday rotator (gray) for ”normal” and ”cross polarized”
experiments respective of the presence of the Faraday rota-
tor
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background. The drawback of these systems is the difficulty to manufac-
ture polarizers of sufficient quality to have a sufficiently effective circulator.
Furthermore a phase matching needs to be applied to the Faraday rotators
to minimize the reflections for a specific frequency, limiting broad band
operation. A last point of concern is the high quality of waveguides needed
since even small imperfections can lead to a degradation of the polarization
coherence.
2.3 Resonators
A very important part of EPR spectrometers is the microwave cavity or
resonator, which acts as a ”concentrator” of microwave radiation on the
sample. Typically a single standing wave pattern is created within a small
space (of the order of the wavelength) with the sample located at maximum
microwave magnetic field density. The efficiency of a resonator is expressed
in the Quality factor or Q, which for an unloaded resonator is the ratio
between the stored energy and the energy dissipated per cycle, of the mi-
crowave magnetic field (Hm). Losses arise from the dissipation of the surface
current density due to the skin effect resistance. If only ohmic losses are
taken into account the unloaded Qu is given by [2]:
Qu =
ωμ
Rs
∫ |Hm|2dτ∫ |Htm|2dτ (2.3)
In which ω is the microwave frequency, μ the magnetic susceptibility,
RS the skin effect resistance, Hm the magnetic field at the part of the cycle
denoted by m and Htm the maximum tangential field. Q increases with
increasing frequency, resulting in an increase of the sensitivity (equation
1.8). However, with increasing frequency the wavelength decreases and for
a single mode resonator the dimensions of the resonator are scaled down
proportional to the frequency. For high frequencies (f > 100 GHz) the res-
onator becomes very small and the dielectric losses () of the sample in-
crease, resulting in an overall decrease of the quality factor of the loaded
resonator Ql:
1
Ql
=
1
Qu
+
1
Q
(2.4)
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Therefore a number of resonators have been developed in recent years.
The most widely used will be discussed below.
2.3.1 Single mode resonators
The most commonly used resonators are the single mode rectangular and
cylindrical resonant cavity. Both types of resonators support both TEmnp
and TMmnp modes, depending on the exact geometry and coupling. For
the rectangular resonator the subscripts m, n and p denote the number of
half wavelengths in the x, y and z-directions. In cylindrical resonators the
subscripts refer to the number of half cycle variations in the angular (φ),
radial (r) and longitudinal (z) directions.
By scaling the cavity dimensions a,b and d of the rectangular resonator
to the wavelength in the x-, y- and z-directions, the resonance frequency
2πf0 is given by [2]:
ω0 (μ)
1
2 = π
(
m2
a2
+
n2
b2
+
p2
d2
) 1
2
(2.5)
For the TE102 mode the dimensions are λ and 2λ respectively, there-
fore if the frequency increases the resonator dimensions should decrease
accordingly. The overall quality factor for both type of resonator is linked
to their size. To operate at 9 GHz the dimensions of the single mode res-
onator are 16.7 x 8.3 x 33.3 millimeters. The same resonator constructed for
285 GHz would have dimensions of 0.53 x 0.26 x 1.05 millimeters. The ef-
fect of proportionally scaled dimensions on the quality factor, and thereby
on the minimum number of detectable spins (eq. 1.8) is negligible1. The
same sample size now has a larger filling factor (η) Increasing the sensitiv-
ity. However the increase in relative sample size also increases the dielectric
losses reducing the overall quality factor (eq. 2.4), the net effect depends on
the individual conditions for each sample. Furthermore, depending on the
sample size with respect to the resonator size, a shift in resonance frequency
can also be observed since the wavelength in the sample will be longer than
in free air. In extreme cases the frequency shift will be sufficient to make
1For the precise calculations and the necessary equations the reader is referred to
reference [2].
30 CHAPTER 2. HF-EPR TECHNIQUES
the loaded resonator incompatible with the source and / or the optimal
frequency of the transmission lines.
2.3.2 Whispering gallery resonators
A special type of resonator for high frequency EPR is the whispering gallery
mode (WGM) resonator, consisting of a dielectric disc placed perpendicu-
lar to the external magnetic field. A standing wave is induced at the rim
through the evanescent field of a quartz waveguide placed close to the rim
of the disc (fig. 2.5). The precise coupling is tuned by the proximity of a
metal ring parallel to the disc [11, 12].
For this type of resonator the sample can be mounted in different ways.
The first method is to place the sample on the edge of the disc in a ”belt
type” loop, which ensures a high filling factor, but is only suitable for pow-
dered samples. In the second method the sample is located between two
discs in a ”sandwich” construction, which is suitable for small volumes
of liquid or powdered crystals. Both type of WGM resonator have a fill-
ing factor near unity and high Q-factor (10000 and upwards) making the
WGM resonator very sensitive. In the stacked configuration only a rela-
tively small part of the sample, placed close to the outer rim, interacts
with the microwave radiation. Therefore the sample not contributing to
the EPR resonance, also does not contribute to the dielectric losses. The
Figure 2.5: A WGM-resonator, shown here in the stacked config-
uration. The (black) sample, sandwiched between two discs made
of polyethylene or quartz, is placed before a quartz waveguide. The
metallic ring used to optimize the tuning can be seen underneath.
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drawback of WGM resonators at conventional frequencies is the relatively
large space needed, limiting the usefulness to large bore magnets, while for
high magnetic fields small bores are preferred.
2.3.3 Fabry-Perot resonators
The cylindrical Fabry-Perot resonator (see fig. 2.6) employs a standing wave
pattern between two mirrors, with the coupling hole in one of them. In most
cases the bottom mirror is concave to reduce radiation losses and increase
mode stability. Instead of a coupling hole as in traditional spectrometers,
also coupling through a fine wire mesh between the waveguide and the
resonator is a viable option. In this case the surface of the mesh acts as a
mirror [3, 5, 6, 7, 13, 14]. The size of the sample volume is comparable to
an oversized resonator, but in a Fabry-Perot resonator the mode pattern is
known and consists of a number (n) of half cycle variations in the z-direction
and none (or 1) half cycles in the x- and y-directions.
Due to the 1-dimensional nature it is one of the few resonators that can
be tuned while in operation, enabling multi frequency operation. The range
Figure 2.6: Tunable Fabry-Perot resonator as used in the Nijme-
gen HF-EPR set-up. The top mirror is connected to the waveguide
and the bottom mirror is connected to the external sidewalls and
can be tuned from outside the cryostat.
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of operation is dependent on the curvature and the displacement range
of the bottom mirror. Tunability of the resonator is a benefit when the
tunability of the source is limited. A ”drawback” of Fabry-Perot resonators
is the limited volume of sample that can be applied. The known intensity
optimum for microwave radiation, is located parallel and close to the bottom
mirror and is insensitive to tuning. The small sample size is compensated
by the relatively high Q factors (> 5000) that can be obtained, resulting
in a better sensitivity than oversized resonators, but at the cost of a more
stringent tuning procedure.
2.3.4 Oversized resonators
Oversized resonators are a scaled up version of single mode resonators, but
without a well defined standing wave pattern. For instance the resonator
designed by Boonman [8] for the Nijmegen HF-EPR set-up is a 12 mm i.d.
cylinder with a length of 25 mm and an axial coupling hole. In the range
between 30 and 190 GHz with a tunable source a resonance can always be
found near the desired experimental frequency. Q -values of the oversized
resonators are about the same order of magnitude (1000 - 5000) as single
mode resonators. The major advantages are the ability to measure at a
broad range of frequencies without changing the set-up and the availability
of a high Q resonator with fairly large sample sizes.
Normally the standing wave pattern in these resonators is not known,
but by insulating the endcap no current can pass from the cavity walls to
the endplate [8]. This results in wave patterns resembling a TE0mp mode
with the maximum microwave magnetic field densities parallel and close
to the end plate. Powders can be spread uniformly over the endcap, while
single crystals are better placed slightly of center since in even modes a
node of microwave intensity will be located there.
2.3.5 Non resonant sample holders
Non resonant sample holders are constructed from a small piece of wave-
guide with a reflector at the terminus. Although technically not a resonator,
they can be used to good effect in reflective EPR experiments. The sensi-
tivity of these sample holders is better than one would expect considering
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their very low Q -factor. Since there is no dominant mode, no account has to
be taken of the position of maximum microwave density and relatively large
amounts of sample can be used. The major advantages are the wide ranges
of frequencies and samples that can be covered. The resonance condition
only has a lower limit determined by the maximum wavelength that would
fit inside the sample holder. The closed structure and relative size are well
suited to contain single crystals, powders, frozen solutions and solidified
gases.
2.4 The Nijmegen HF-EPR set-up
For the Nijmegen HF-EPR set-up some of the sensitivity was sacrificed
in favor of multi-frequency operation, especially concerning the resonator.
HF-EPR on a number of frequencies with large differences yields more
accurate information than experiments performed using a small frequency
range around a single (high) frequency.
2.4.1 Source and detection
The set-up uses a commercial Microwave Vector Network Analyzer (MVNA),
from ABmm, Paris. The MVNA is a solid state based vector network ana-
lyzer capable of measuring the amplitude and phase (absorption and disper-
sion) of a tunable frequency signal. Non-linear devices are used for frequency
multiplication and harmonic mixing to perform down-conversion and enable
heterodyne detection [15]. A basic diagram of operation is drawn in figure
2.7. The harmonic millimeter wave frequencies FMM are generated by the
harmonic generator (HG) powered by the tunable source 1 at frequency F1:
FMM =
N∑
1
ANNF1 (2.6)
with AN the efficiency of the microwave generator at a specified har-
monic (N), determined by the mechanical tuning of the harmonic gener-
ators. The harmonic mixer (HM ) powered by source 2 at a frequency F2
down converts the high frequency signal FMM to a low frequency (Megaherz
range) signal FIF defined by:
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Figure 2.7: Schematic MVNA set-up configured for low frequency
operation.
FIF =
M∑
1
N∑
1
((ANNF1)− (AMMF2)) (2.7)
The efficiency of the two harmonic generators is optimized for the de-
sired operational frequency. The frequency difference between F1 and F2 is
chosen so that the interference frequency at the same higher harmonic of the
base frequency at the desired operational frequency matches the frequency
of a narrow bandwidth filter before down-conversion.
Phase locking the two sources allows the detection of the phase and
amplitude information at the operational frequency. Before detection the
signal is down-converted to 488 Hz and fed into a lock-in amplifier.
At operating frequencies of 190 GHz and higher a grating monochro-
mator is placed between the source and the rest of the set-up in order to
minimize the background on the detector. The source was coupled to a
monochromator by a feedhorn, while at the exit a concave mirror is used to
focus the microwave radiation in the waveguide. The walls of the waveguide
have been tapered to minimize reflections due to impedance mismatch.
Using multiple harmonic mixers and generators, continuously tunable
frequency coverage between 30 and 190 GHz is achieved with the Schottky
diodes operating at a base frequency between 8 and 18 GHz. For frequencies
of 190 GHz and higher an additional Gunn oscillator is used operating at
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8 - 18 GHz
Counter
PLL PLLRef 1
Ref 2
FIF
Figure 2.8: Schematics for MVNA operation for frequencies of
285 GHz and higher. Both PLL controlled Gunn diodes and their
reference arms are included.
95 GHz. At 285 GHz and higher a second Gunn oscillator is used at the
detection side. Both harmonic mixers following the 95 GHz Gunn oscillators
are coupled to mechanically tunable cavities to enhance the intensity of
the desired frequency with respect to the other frequencies. A schematic
diagram of high frequency operation (fig. 2.8) shows both PLL controlled
Gunn oscillators with the additional references.
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2.4.2 Transmission lines
To minimize ohmic losses, and maintain wide frequency coverage we used
cylindrical waveguides with an inner diameter of 13 millimeter. Smooth
waveguides were preferred above corrugated waveguides because:
1. Corrugated waveguides are designed for a specific small frequency
range. Smooth waveguides on the other hand offer operation for fre-
quencies from 60 GHz upwards for the tapered 13mm inner diameter
waveguides.
2. Smooth waveguides are easier to maintain. Corrugated waveguides are
more susceptible to dirt (larger surface area) and small imperfections
can destroy the HE11 mode. Furthermore due to the ridged structure
they are more difficult to clean than smooth waveguides.
The last 10 centimeters before the resonator / sample holder were ta-
pered to an inner diameter of 2.5 millimeter to focus the microwave energy
to the resonator. A beam splitter was used as circulator (fig. 2.3) with var-
ious mylar and PE (Poly-Ethylene) sheets as reflector, ranging in thickness
from 100 to 250 μm depending on the frequency. The reflection of the ref-
erence arm is matched in intensity, but at a 180◦ phase shift to the off
resonance signal of the resonator. The low microwave intensity allows the
detector to be run at higher sensitivity.
2.4.3 Available resonators
Fabry-Perot resonator
The tunable Fabry-Perot resonator, made in house, is the most sensitive
resonator available for the HF-EPR set-up (fig. 2.6). Using a MgO sample
with a 0.003% Mn2+ impurity sensitivities in the order of 1010 spins per
gauss could be obtained at 190 GHz.
For comparison the minimum number of detectable spins using non-
resonant sample holders was estimated to be in the order of 1012 to 1013
spins per gauss, for the S = 5
2
signal.
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Oversized sample holder
The oversized sample holder described in section 2.3.4 was used for frequen-
cies from 30 GHz up to and including 190 GHz. Single crystals, powdered
samples and frozen solutions have been measured usually with sufficient
sensitivity and range of operation. At these frequencies it is more sensitive
than the non-resonant sample holders due to it’s high Q-factor. At higher
frequencies (285 GHz and up) the size of the resonator was such that no
specific resonance frequency for the resonator could be detected, causing it
to behave as a non-resonant sample holder.
Non-resonant sample holders
The work horses are the non-resonant sample holders, because of their flex-
ibility in both frequency and sample handling capabilities. Two types of
non-resonant sample holder have been constructed. The first consisted of a
piece of quartz capillary with a small mirror at the bottom. The outside was
wrapped in aluminum foil to prevent excessive loss of microwave radiation.
To prevent contact with air PE endcaps, coated in apiezon N, were used. A
nylon jacket was fitted to protect the fragile capillary. The second sample
holder was constructed out of a small cylinder of stainless steel (5 mm i.d.
x 20 mm) allowing operation upwards of 60 GHz. A nylon disc could be
fitted in the threaded top to prevent contact with air. In the oxygen exper-
iments this disc was removed to allow condensation of the gas-mixture in
the sample holder. One stainless steel cylinder was fitted with a modulation
coil for field derivative measurements.
2.4.4 Available cryostats
Two types of cryostat are available at the Nijmegen set-up. The first is a
traditional bath-cryostat which is filled with liquid helium. Heat transfer
between the waveguide and the surrounding liquid helium dewar is trough
a small amount of He exchange gas. A small heater and a thermometer
in close proximity to the sample holder / resonator allow a small temper-
ature range to be achieved. The benefit of this set-up is that it is easier
to operate at low temperatures, but the slow decrease of the helium level
by evaporation influences the length of the transmission lines going down
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the magnet. Depending on a combination of microwave frequency and scan
time this can lead to a constant drift in the relative phase (and amplitude)
of the background upon which the EPR signal is superimposed.
The flow cryostat which we used does not exhibit this problem as exten-
sively. A heater and a capacitive2 thermometer coupled to a PID controller
allow a temperature from 4 to 300 K with an accuracy of ± 0.25 K to
be maintained over long periods (multiple hours). The major drawback of
this type of cryostat is that, with the long transmission line up and down
the magnet (up to one meter), it takes a few hours before the temperature
gradient over the transmission line is sufficiently stable to measure a near
driftless EPR signal.
2.4.5 Data analysis
In using the MVNA, a set of data is obtained for every magnetic field sweep
which contains a complex resonant and a complex non-resonant part, the
leak vector: AM (B,T)exp(iφM (B,T)) and ALexp(iφL) respectively. By plot-
ting the phase and amplitude, the complex leak vector can be determined
by comparing the position of the resonance in the complex plane, with the
ideal resonance passing through the origin of the complex plane. Assuming
the leak vector is constant over the whole measurement it can be subtracted
from the measured signal. The complex normalization factor ANexp(iφN)
obtained from the same fitting procedure rotates the structure in the polar
plane to the position of an ideal resonance. The remaining signal can now
be converted into a complex signal corrected for instrumental effects (eq.
2.8) as visualized in figure 2.9.
A(B,T ) exp(iφ(B,T )) =
AM (B,T )exp(iφM (B,T ))−AL exp(iφL)
AN exp(iφN )
(2.8)
where the amplitude A(B,T) and phase φ(B,T) signals correspond to
the absorption and dispersion respectively3 Fig. 2.9 shows the procedure
used throughout this thesis to obtain absorption and dispersion plots versus
2A capacitive thermometer is not sensitive to the magnetic field.
3The (abbreviated) method of leak vector subtraction has been devised by
M.E.J. Boonman. For a full discussion the reader is referred to reference [8].
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Figure 2.9: Graphic representation of the leak factor subtraction
process devised by Boonman [8].
magnetic fields, without leak factors. The transformed experimental plots
are then compared to simulations based on the relevant spin Hamiltonian,
in which the g-values, D, E and occasionally the spin state are varied manu-
ally until good agreement between experiment and calculation is obtained.
Preferably the same parameter set should yield good results at multiple
temperatures and/or frequencies. Positions of maxima are based on the
eigenvalues, the normalized relative intensities are based on the transition
probability combined with a Gaussian lineshape function [1]:
Pα→β =
2π

〈β | HΨ | α〉2 1
σG
√
2π
e
− 1
2
(ω−ω0
σG
)2 (2.9)
where σG is the half peak-peak width of the first derivative and taking
into account the Boltzman distribution:
P =
e
ΔE(n−1)−n
kT∑
n e
En
kT
(2.10)
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2.5 Conclusion
As has become clear from the previous sections there is no golden rule
to building a HF-EPR set-up. In building the Nijmegen set-up the overall
design has been optimized for flexibility and broad band operation although
a number of components still have been maintained for a more increased
sensitivity.
The flow cryostat had been a practical choice because it allows a more
stable operation at low temperatures then a bath cryostat. This is especially
so for the broad band sweeps of over the magnetic field range of several tesla
that lasted up to an hour.
To prevent a heating and venting cycle of the cryostat when a new fre-
quency range was chosen the sample holders were preferably non-resonant.
This allowed operation at most frequencies. The same reasoning was used
in preferring smooth waveguides instead of corrugated waveguides. The for-
mer also have the benefit of being easier to clean. Both choices have been a
trade-off for flexibility from sensitivity. If a more sensitive set-up is needed
use can be made of either a single mode resonator (up to 190 GHz) or a
Fabry-Perot resonator, which are also present.
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Chapter 3
The ground state of Ni2+
doped in Zn(en)3(NO3)2
Abstract
EPR measurements of Zn(en)3(NO3)2 doped with Ni2+ ions are character-
ized by the S = 1 triplet spectrum of the Ni2+ ions. In the center of the
S = 1 multiplet a strong additional signal, not originating from the S = 1
multiplet, is observed. Previously this additional signal was attributed to a
double quantum resonance of the Ni2+ ion.
The observed S = 1 resonances of the Ni2+ ions are in good agree-
ment with simulations based on the fixed set of g-values: g‖ = 2.160 and
g⊥ = 2.148 for both crystallographic phases of Zn(en)3(NO3)2. Passing
through the crystallographic phase transition temperature the zero field
splitting of the triplet decreases from +0.83 cm−1 to +0.77 cm−1. Simulta-
neously a rhombic distortion with a narrow distribution around 0.10 cm−1 ap-
pears.
Below the transition temperature the additional signal shows structural
features incompatible with double quantum resonance theory, but can be
explained by an unresolved S = 3
2
spin state. Therefore it is proposed
that the resonance previously attributed to a double quantum resonance
originates from an S = 3
2
paramagnetic center in the crystal, most likely
Ni3+ ions in a cubic ligand field.
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3.1 Introduction
The study of the high field EPR transitions of Ni2+ ions at the Zn2+ sites
in the matrix of Zinc ethylene diamine nitrate (Zn(en)3(NO3)2) crystals
was motivated by the speculations of Van Dam [1, 2] that in this system
an unusually strong double quantum resonance1 is observed superimposed
on the S = 1 spectrum, while simultaneously the S = 1 resonances remain
intense. Normally single quantum resonances become less intense due to
saturation induced by the large amount of microwave energy necessary to
make the double quantum resonance more prominent [6, 7, 8]
2ωphoton = ΔEm→m+2 (3.1)
A double quantum resonance is the simultaneous absorption of two
quanta resulting in a single transition (see fig. 3.1) as opposed to ”normal”
EPR transitions in which only a single quantum is absorbed per transi-
tion. The double quantum resonance is most intense if the intermediate
state is real, i.e. it is an eigenstate of the spin Hamiltonian [6, 9, 10]. For
a triplet state with an axial g-tensor and a finite zero field splitting this
coincidence occurs at the so-called magic angle orientation (θ = 54.7◦) of
the crystal axis with respect to the magnetic field orientation.For a random
distribution this condition only applies to a small fraction of the sample.
It is therefore remarkable that the signal associated with this orientation
should be strongly present.
Ni:Zn(en)3(NO3)2 is an exceptional matrix for two reasons: first, the
double quantum resonance is not only strong enough to be observable under
normal EPR conditions. Usually to observe the double quantum resonance
the microwave intensity has to be raised so high that the single quantum
EPR signals are highly saturated. Secondly the double quantum resonance
is sufficiently removed from the single quantum resonances (for resonant
magnetic field value) to observe both signals simultaneously. This yields an
opportunity to study the effects of a phase transition in the matrix on the
double quantum resonance, while simultaneously comparing the observed
1The term double quantum resonance in this thesis is used exclusively for the process
described by equation 3.1 and not the technique of measuring distances as performed by
Freed and coworkers [3, 4, 5]
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Figure 3.1: Transitions in an S = 1 triplet system for B0 ‖ Sz.
Solid arrows: main S = 1 resonance, dashed arrow: weak half field
resonance (single quantum Δm = 2) and gray arrows: the double
quantum resonance (Δm = 1+1)
parameters with those of the single quantum resonance to determine which
observed effects are intrinsic and which are caused by the saturation of the
single quantum resonance.
Recently an EPR study of Ni:Zn(en)3(NO3)2 at high temperature and
two frequencies demonstrated a double quantum resonance with a linear
dependence on the square root of microwave power [1, 2]. Theoretically
the dependence on microwave power of this second order process should be
proportional to P
3
2 , with P the incident microwave power in mW [9, 10,
11, 12, 13]. This discrepancy was explained by a simultaneous excitation of
two single quantum transitions, leading to a greater population difference
between the participating energy levels. To understand the behaviour of
the double quantum resonance of Ni:Zn(en)3(NO3)2 a high frequency EPR
study at both high and low temperatures was performed.
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Figure 3.2: The δ-form (left) and the λ-form (right) orientation
of the ethylenediamine ligand on the central ion, with respect to
the C3 axis of the unit cell (after reference [16]).
3.2 Crystallography of Ni:Zn(en)3(NO3)2
The crystals of Ni:Zn(en)3(NO3)2 were obtained by slow evaporation of
Ni(en)3(NO3)2 (aq) and Zn(en)3(NO3)2 (aq), in accordance with the method
published by Prasad et. al. [14]. The final concentration of nickel in the crys-
tals used was about 4%. Introduction of nickel in the crystallographic site
of zinc is not reported to have a significant influence on the crystal struc-
ture, apart from a small increase of the phase transition temperature, from
141 K in pure Zn(en)3(NO3)2 [15] to 146 K with 4% Ni doping [16]. Below
the phase transition temperature a reorientation of one of the ethylene-
diamine groups from the δ-form (∧ − δδδ) to the λ-form (∧ − δδλ) (fig.
3.2) introduces a rhombic distortion and decreases the zero field splitting
[15, 16].
3.3 Experimental set-up
All measurements were performed on finely powdered crystals loaded in
non-resonant sample holders. Temperatures above and below the phase
transition temperature of Ni:Zn(en)3(NO3)2 were achieved with the flow
cryostat described in section 2.4.4. Spectra were recorded at 190 GHz using
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a frequency tunable, solid state source operating at the second harmonic of
95 GHz with an output power of about 1 mW and at 130 GHz with a single
frequency oscillator with an output power of 10 mW. The field modulated
signal for both frequencies was detected by means of an InSb bolometer.
3.4 The S = 1 resonances of Ni:Zn(en)3(NO3)2
In figures 3.3 and 3.4 we show typical results for different frequencies and
temperatures. The parameters of the Ni2+ centers are determined from a
comparison between experiment and simulation using spin Hamiltonian 3.2.
The half field, single quantum Δm = 2 transition did not yield additional
information, and will not be discussed further. The central resonance (C)
in the spectra of figures 3.3 and 3.4 originates from a different spectroscopic
process and will be discussed in section 3.5.
H = μB−→Bg−→S + D
[
S2z −
S(S + 1)
3
]
+ E
[
S2x − S2y
]
(3.2)
3.4.1 190 K data
The data at 190 K for both frequencies clearly shows the two high field res-
onances one would expect for a triplet system without a rhombic distortion
(fig. 3.3). Previously reported values of g and D for the Ni2+ ions inserted
in an Zn(en)3(NO3)2 matrix range from an isocratic giso = 2.200 ± 0.006
to g‖ = 2.181, g⊥ = 2.156 with D = -0.832 cm−1 [1, 2, 14, 16].
In the current experiments good agreement between experiment and
simulation is achieved using g‖ = 2.160 and g⊥ = 2.148 with D = +0.83 cm−1.
3.4.2 115 K data
Lowering the temperature to 115 K, below the phase transition temperature
of 142 K, introduces a rhombic distortion. The rhombic distortion is appar-
ent from the change in the observed spectra of both frequencies (fig. 3.4).
If the zero field splitting is dropped from +0.83 cm−1 to +0.77 cm−1 and
a rhombic distortion of +0.10 cm−1 is taken into account good agreement
between the current experiments and simulations can be achieved while the
g-values need not be adjusted (g‖ = 2.160 and g⊥ = 2.148).
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Figure 3.3: The 130 and 190 GHz S = 1 resonances of
Ni:Zn(en)3(NO3)2 at 190 K. Both the absorption (A) and the dis-
persion (B) are plotted. All simulations are based on: g‖ = 2.160,
g⊥ = 2.148 and D = +0.83 cm−1.
On closer examination it can be seen in figure 3.4 that the observed
height of the signals at the extremes of the S = 1 multiplet (A) are simulated
with an intensity that is slightly too low (simulation plotted below the
experimental data).
The rhombic distortion is introduced by flipping one carbon backbone in
the crystallographic unit cell (fig. 3.2). A previous study on single crystals
by Wilson et. al. [16] revealed that there are six sites in the low temperature
phase which are all equivalent apart from their orientation.
A small distribution of the orientations of the carbon backbones, or
small inequivalencies between the six states can lead to a small distribution
in the rhombic distortion. A simulation of the low temperature spectrum at
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Figure 3.4: The 130 and 190 GHz S = 1 resonances of
Ni:Zn(en)3(NO3)2 at 115 K. Both the absorption (A) and the dis-
persion (B) are plotted. All simulations are based on: g‖ = 2.160,
g⊥ = 2.148, D = +0.77 cm−1 and E = +0.1 cm−1. For the
190 GHz absorption resonance an additional simulation is plotted
with a small distribution in the rhombicity (E = +0.09, +0.10
and +0.11 cm−1 in relative intensities 1:2:1)
190 K with a minimal distribution (E = +0.09, +0.10 and +0.11 cm−1 with
relative intensities of 1:2:1) was made. The line shape of the distribution is
plotted above the experimental data in figure 3.4. Clearly the relative height
of the simulations with respect to the experimental data has improved.
The result of the distribution is not so much to increase the height of
the outermost signals, but to decrease the observed height of the inner
transition as a result of line broadening.
The observed reproducibility of the distribution is such that we believe
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that this distribution is inherent for this compound. From the current ex-
periments we cannot conclude whether it is the relative orientation of one
of the carbon backbones or an inequivalency in the six sites. It is possible
that single crystal measurements on the same high frequencies can yield
additional insight in this behaviour.
3.5 The central resonance of Ni:Zn(en)3(NO3)2
The central line (C) in the multiplet of Ni:Zn(en)3(NO3)2 in figures 3.3 and
3.4 is not explained by the normal Δm = 1 transitions discussed above.
This line was previously attributed to a double quantum resonance [2], but
is unusually strong for such a process. We will study this transition in more
detail with high frequency EPR measurements.
The parameters for the Ni2+ centers can be obtained for both crys-
tallographic phases from the positions of the S = 1 resonances. Since the
double quantum resonance originates from the same paramagnetic species,
the same set of parameters can be used to predict the resonance positions
of the double quantum resonance. The predictions are based on the theory
that the intensity of the double quantum resonance is stronger when the in-
termediate state coincides with a real eigenstate [9, 13, 7, 17], although the
experiments by Orton et. al. also showed a double quantum resonance us-
ing 2 different frequencies in which the ”mixed” double quantum resonance
was situated half way between the two ”pure” double quantum resonances
[10].
As stated before, only for a limited range of orientations, the interme-
diate state coincides with a real eigenstate. which is necessary for a strong
double quantum resonance to be observed [9]. Assuming the double quan-
tum resonance is detected at the same magnetic field as the magic angle
orientation in crystals, it can be calculated using brute force techniques and
eq 3.2 to be 6.292 tesla at 190 K / 190 GHz and 6.275 tesla at 115 K /
190 GHz.
A more sophisticated approach is the derivatization of Muha that led to
the following formula for calculating under which conditions double quan-
tum resonances occur for a system with an isotropic g-factor and no rhom-
bicity [2, 18]:
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cos2θ + cos2θ =
2D2
9(geμBB)2
(3.3)
In which D is the zero field parameter and (geμBB) is the Zeeman
interaction. It is easily verified that for zero field interactions that are small
compared to the Zeeman interaction, the angle θ will approach the magic
angle of 54.7◦. This formula can only be used as an approximation for
both the high and low temperature data, since the effect of the anisotropy
between the g‖ and g⊥ increases the angle θ from 55.6◦ to 55.8◦.
The calculated central magnetic field values of 6.275 and 6.298 for the
resonance above resp. below the phase transition temperature differ only
slightly from the observed field of 6.286 ± 0.002 tesla (experimental accu-
racy) for both temperatures at 190 K. Therefore on the basis of resonant
energies the double quantum resonance appears a reasonable explanation,
although the predicted shift to lower magnetic field (which is sufficient
to be observable in our equipment) is not observed. Furthermore the fine
structure of the central peak at both temperatures (fig. 3.5) could not be
accounted for with a double quantum resonance based on the parameters
obtained from the S = 1 resonance for the Ni2+ ions [12, 19, 20].
It must therefore be concluded that the strong signal observed in the
center of the S = 1 multiplet is no double quantum resonance, but a dif-
ferent EPR transition. This conclusion is in line with the observations by
Van Dam et.al.[1, 2] who observed identical behaviour for single and dou-
ble quantum resonances, contrary to the quadratic dependence expected.
Linear behaviour is more expected from single quantum transitions.
3.6 Discussion
In this section we examine critically a number of possibilities which would
allow to explain the central line by a double quantum resonance, while not
affecting the interpretation of the single quantum resonances originating
from the S = 1 ground state of the Ni2+ ions.
The effect of the small distribution in the rhombicity term discussed
only leads to a slightly more broadened double quantum resonance, but not
to the observed (fine) structure. Theoretically the distribution observed in
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Figure 3.5: The absorption of the central resonance of
Ni:Zn(en)3(NO3)2 at 190 GHz and 190 K (top) compared to a dou-
ble quantum resonance simulation. Although a good fit is achieved
for the central signal, the two small signals marked by arrows can
not be explained in this way. Lowering the temperature to 115 K
clearly shows that the observed fine structure cannot be explained
by a double quantum resonance.
the S = 1 resonance due to the six inequivalent sites could be sufficiently
resolved for the central resonance to be observed. Since only four and not six
resonances are observed this is not likely, furthermore in the single crystal
experiments these inequivalent sites differed exclusively in their relative
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orientation. The random distribution in the powder used for the current
experiment would average out any orientational effect.
A second possibility is hyperfine splitting of the central line caused by
the nuclear spin of the nickel ions. However the only relevant isotope is
61Ni which, with an abundance of less than 2% [21], is too low to make a
significant contribution. Although this would theoretically yield identical
intensities (1:1:1:1) as has been observed for the central resonance.
A third possible mechanism is the existence of truly inequivalent sites
below the phase transition temperature. Based on the crystal structure pub-
lished by Wilson et.al. and Prasad et.al [14, 15] this would be a possibility.
However based on the crystal structure (fig. 3.6) only two chemically in-
equivalent sites are expected, which gives rise to a doublet signal and not to
the observed fine structure. Moreover the relative differences in either the
g-tensor or the zero field parameters need to be quite substantial to explain
the magnetic field differences observed in the central resonance. Changing
these parameters to yield the observed splittings of the central resonance
would also influence the S = 1 resonances which would be detected.
In conclusion all realistic double quantum scenarios fail to explain the
observed structure of the central resonance. We therefore propose that the
central resonance originates from an unexpected paramagnetic center, not
necessarily related to the Ni2+ ion.
If we assume an arbitrary S = 3
2
species the transitions can be calculated
using equation 3.2 with a small rhombic distortion and zero field splitting.
As can be seen in figure 3.7 the 190 K data is in good agreement when
the parameters: gx = 2.168, gy = 2.160, gz = 2.152, D = +0.07 cm−1 and
E = +0.0225 cm−1 are used. Both the overall line shape and the two small
side bands adjacent to the central resonance are visible in the simulation.
At temperatures below the crystallographic phase transition temperature
the g-values are found to remain mostly unchanged: gx = 2.168, gy = 2.160,
gz = 2.148, with a zero field splitting that is increased to +0.15 cm−1 and a
rhombic distortion of +0.05 cm−1. The two small signals predicted, marked
by arrows, are not visible experimentally. The signals can either be obscured
by the S = 1 multiplet of which the inner transitions at low temperatures
are close to the S = 3
2
multipet, or are spread out by the presence of a
distribution in the rhombicity term E. The current data is not sufficient to
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Figure 3.6: The unit cell of Zn(en)3(NO3)2 , viewed along the
crystallographic c-axis. The NO−3 groups have been omitted for
clarity. All three ligands are in the δ configuration
distinguish between the two effects.
The origin of the assumed S = 3
2
species remains unexplained. Possibly
Ni3+, Zn5+ or the inclusion of an unknown S = 3
2
impurity are responsible.
The creation of a stable S = 3
2
system from one of the ethylene diamines or
NO3 groups can be disregarded due to the high reactivity of small organic
radicals. The ionization of zinc ions to a 5+ ionization state is unlikely due
to the reactivity of such a center and the energies involved. Most probable
is the creation of a Ni3+ ion, because the Ni3+ ion can have a distribution of
the 3d atomic orbitals to allow for an S = 3
2
ground state. Nickel ions in the
Zn(en)3(NO3)2 matrix have an octahedral ligand field and as a consequence
have a 3A2g ground state [16]. In this state the 3dxz and 3dyz atomic
orbitals have the highest energy. The 3dx2−y2 and the 3dxy make up the
intermediate energy level and the 3dz2 has the lowest energy. The relative
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Figure 3.7: Comparison of the high (top) and low (bottom)
temperature experimental data at 190 GHz with simulations
based on an S = 3
2
spin state with : gx = 2.168, gy = 2.160,
gz = 2.152, D =0.07 cm−1 and E =0.0225 cm−1 (top). Parameters
for the bottom spectrum are gx = 2.168, gy = 2.160, gz = 2.148,
D = 0.15 cm−1 and E = 0.05 cm−1.
energies of the energy levels assure that if a nickel ion is oxidized from the
2+ to the 3+ state the spin state is decreased from the S = 1 state to the
S = 1
2
state.
For the Ni3+ ions to have an S = 3
2
ground state the energy levels need
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to change from an 3A2g to an 6A1 system. Such a change can easily be
accomplished by a change in the symmetry of the surrounding ligands from
octahedral to cubic [22]. In order to have the observed fine structure both
an axial and a rhombic distortion need to be present. From the parameters
obtained (D and E = 0 for both crystallographic phases) it can be concluded
that this is the case.
Judging by the intensity of the central resonance about 10% of the nickel
ions is in an S = 3
2
spin state. Furthermore the g-values, which are mostly
influenced by the central ion, for both the S = 1 and the S = 3
2
paramagnetic
species are very much alike, while the zero field splitting which is mostly
dependent on the surrounding crystal field is remarkably different [23, sec
2.3]. Therefore the presence of S = 3
2
, Ni3+ ground state is highly probable.
The intensity of the central peak suggests that random impurities can
hardly be responsible for the signal. In principle an additional NMR or
ENDOR study could prove this argument.
3.7 Conclusions
The S = 1 resonances of Ni2+ ions doped in Zn(en)3(NO3)2 have been mea-
sured at temperatures above and below the crystallographic phase transi-
tion of Zn(en)3(NO3)2. The g-values in both crystallographic phases are
given by g‖ = 2.160 and g⊥ = 2.148. The zero field splitting is reduced
from 0.83 to 0.77 cm−1 with the introduction of the rhombic distortion at
low temperatures. From the relative intensities within the S = 1 multiplet
a distribution around 0.10 cm−1 was proposed.
The behaviour and the shape of the signal in the center of the S = 1
multiplet can not be explained by a double quantum resonance, or enhanced
consecutive single quantum resonances. The single quantum transitions of
an S = 3
2
spin state are found to be a good explanation. This spin state
most likely originates from a Ni3+ ion in a cubic ligand field.
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Chapter 4
The magnetic ground state
of manganocene
Abstract
We have studied the pure solid state of Mn(C5H5)2 with magnetization and
EPR experiments. The magnetization was found to be nearly independent
of temperature and linear with magnetic field. The magnetic susceptibility
resembles antiferromagnetic coupling, but at magnetic fields above 5 tesla
paramagnetic like behaviour is observed.
In the EPR spectra two separate resonances are observed, with intensity
varying with temperature and field. Namely an S = 5
2
state with a zero field
splitting of around 0.20 cm−1 while the other resembles an S = 1
2
transition.
The large dependence of the g-value on temperature for this resonance from
g = 2.0023 (up to 10%) is indicative of an antiferromagnetic resonance.
We explain the ground state by an S = 5
2
energy spectrum with an
antiferromagnetic coupling at low temperatures. The additional resonance
in the EPR spectra originates from an antiferromagnetic resonance in the
quasi 1-dimensional chains. The exchange interaction resulting in this cou-
pling leads at intermediate fields to a level crossing, thereby returning the
system to a paramagnetic ground state.
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4.1 Manganocene as an unusual metallocene
Metallocene chemistry started with the synthesis of ”Ferrocene”1 by Kealy
and Pausson [3]. The Grignard reaction between cyclopentadienylmagne-
sium and ferric chloride yielded, instead of the desired fulvalene, a com-
pound with structural formula FeC10H10. Failure of earlier workers to pre-
pare similar compounds, and the remarkable stability, led the authors to
believe that their success had to be attributed to the tendency of the cy-
clopentadienyl groups to become aromatic by acquisition of an additional
electron. The structure they proposed is drawn in figure 4.1(B).
Barely four months after the publication of the planar dicyclopentadienyl-
iron structure, Wilkinson and coworkers proposed two structures in which
all five carbon atoms of the cyclopentadienyl rings were bonded to the cen-
tral ion [4]. The proposed structures were more in accordance with their
IR-measurements, showing only one type of C-H bond. Although the pris-
matic structure, such as might result from a split d3 p2 plane pentagonal
bonding was not excluded, the anti-prism structure was believed to have
1The name Ferrocene, and the generic name metallocene, was first coined by
M. Whiting [1, 2], who showed that these compounds could be considered as a new
type of aromatic system. The name emphasizes the analogy with benzene.
FeFeFe
B
CA D
Figure 4.1: (A) The stucture of fulvalene that Kealy and Pausson
intended to synthesize, and (B) the iron compound they thought
resulted. (C) and (D) are the anti-prism and prismatic structure
respectively.
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a lower energy. The correctness of the anti-prism structure2 was proven in
1953 based on X-ray crystallography [5].
The unusual properties of the metallocenes, and the relative ease with
which a large number of transition metals could be inserted in a wide variety
of substituted aromatic (ring)-species led to a large interest in this field of
synthetic chemistry. The review article by Pausson [6] already shows a wide
variety in both the central ions and (alkylated-) ring systems. Quite soon it
was discovered that metallocenes were good fuel additives, which triggered
new interest in these compounds [7]. The third wave of interest came as it
was discovered that metallocene-like compounds, in which one of the aro-
matic rings is replaced with a number of CO-groups, were good candidates
for heterogenic catalyses. It is in this field that most research concerning
metallocenes is currently conducted, although emphasis is now shifting to
homogenic catalyses, reducing the number of papers on metallocenes.
4.1.1 Structural anomaly of Manganocene
The metallocenes with a Mn2+ or Pb2+ ion in the center of 2 cyclopentadi-
enyl anions, are the only known pure metallocenes that do not crystallize in
a staggered configuration, but in quasi 1-dimensional chains [8, 9]. In 1978
Bu¨nder and Weiss showed that the room temperature crystal of mangano-
cene is made up of polymer chains with a zig-zag arrangement (rhombic
modification) of MnC5H5 units, bridged by C5H5 rings between adjacent
manganese ions, see figure 4.2. Calculations suggested that the bridging
cyclopentadienyl rings are tilted at an angle of 65 degrees with respect to
the manganese-manganese vector. The tilted geometry favors a crystal mo-
lecular orbit in which the bridging cyclopentadienyl rings are bonded with
two carbon atoms to one (η2 interaction), and with three carbon atoms to
the other (η3 interaction) manganese ion in the quasi 1-dimensional chain
[10].
The rhombic modification is reported to be stable up to the transition
temperature of 432 K, above which the quasi 1-dimensional chain breaks
up. The solid is made up of individual Mn(C5H5)2 units in the staggered
2Nowadays the nomenclature is changed to staggered and eclipsed, analogous with the
nomenclature of side-groups along a molecular axis.
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Figure 4.2: The Rhombic modification of manganocene in
the pure solid reproduced from [8].
configuration, identical to other metallocene solids. The staggered configu-
ration is stable up to the melting point of 445 K.
4.1.2 The magnetic ground state of manganocene
Most neutral metallocenes are diamagnetic and have no measurable magne-
tization. Manganocene is an exception, with five electrons populating the
manganese d orbitals. Theoretically both a high- or a low-spin arrange-
ment are possible. The arrangement of the electrons over all 5 3d orbitals
of the manganese ions is expected to be the most favorable, leading to
a paramagnetic S = 5
2
ground state. Magnetization measurements show
that pure manganocene behaves anti-ferromagnetically at low temperatures
[11, 12, 13, 14].
From experiments on manganocene, both in the gas phase and when
diluted in host lattices, it is known that not always the expected ground
state is observed. Experimentally it has been shown that both high-spin and
low-spin spectra can be seen under similar conditions in a host matrix [13,
15, 16]. Furthermore experiments performed on the gas phase of Mn(C5H5)2
showed the existence of an equilibrium between the high-spin and low-spin
configurations at slightly elevated temperatures [17]. The exact position of
these equilibria is dependent on both the temperature and the amount of
ring alkylation. In Mn(C5H5)2 the ground state is predominantly S = 52 ,
while the fully methylated Mn(C5(CH3)5)2 is predominantly S = 12 [14].
As an extension of the gas phase equilibrium it was demonstrated that
the crystal structure of the host lattice also has a profound influence on
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the spin state. Depending on the size of the substituted lattice sites the
Mn(C5H5)2 molecules are either high-spin or low spin. The high-spin con-
figuration is occurring in large lattice sites [15, 16], while the low-spin con-
figuration occurs in lattice sites were the Mn(C5H5)2 molecules are com-
pressed. In a number of hosts the size is such that an equilibrium can be
observed. The occurrence of these equilibria in Mn(C5H5)2 is stated to be
the only known example for high- and low-spin Mn2+ ions in a solid [11].
Using multifrequency EPR experiments in combination with magneti-
zation measurements over a broad range of both temperature and magnetic
field we study the (magnetic) ground state of pure Mn(C5H5)2.
4.2 Experimental methods
Mn(C5H5)2 was purchased from ”Brunswich Chemie” in Amsterdam and
used without further purification. Mn(C5H5)2 is very sensitive to air (py-
rophore) and reactive towards metals (strong oxidizer). Due to this reac-
tivity towards metals a non-metallic, non-resonant EPR-sample holder was
constructed consisting of a quartz capillary with a metal coating on the
outside to contain the microwave radiation. For mechanical strength the
capillary was mounted in a polyethylene cylinder. Magnetization measure-
ments were performed in an airtight nylon3 sample holder.
All samples were loaded under a nitrogen atmosphere and sealed with
a polyethylene stopper. The sample holders were transferred to the he-
lium atmosphere of the respective flow cryostat for EPR or magnetization
measurements in the shortest time possible. During transport the sample
holders were kept in liquid nitrogen to avoid oxidation or contamination.
The magnetization was measured with a ”single shot” magnetome-
ter. The sample holder was weighed before and after loading to deter-
mine the amount of metallocene present. X-band EPR measurements were
recorded on a Bruker spectrometer. High frequency EPR measurements
were recorded with the HF-EPR set-up described in section 2.4.
3Trade name Kel-f
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Figure 4.3: The measured magnetization of Mn(C5H5)2 as func-
tion of both temperature and field expressed in Bohr magneton
per manganese ion. Not only is the magnetization nearly linear in
magnetic field, the dependence on temperature is very uncharac-
teristic.
4.3 Magnetization measurements of manganocene
The magnetization of Mn(C5H5)2 was measured between 8.5 and 110 K,
and from 0.1 to 20 T (fig. 4.3). The observed magnetization is essentially
linear with respect to the magnetic field and nearly independent of the
temperature (fig. 4.3). The low maximum magnetization excludes a pure
S = 1
2
or S = 5
2
ground state.
The magnetization divided by the magnetic field as an approximation
to the magnetic susceptibility [18], is shown in figure 4.4. The stronger
decrease of the susceptibility at lower temperatures is consistent with anti-
ferromagnetism. On the other hand the behaviour in magnetic fields above
5 tesla cannot be explained this way. In addition the susceptibility remains
non-zero. We therefore propose that at low temperatures an antiferromag-
netic coupling between the manganocene units is observed, while at higher
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Figure 4.4: The field and temperature dependence of the mag-
netic susceptibility of manganocene. The low field measurements
indicate an antiferromagnetic coupling, but the data above 5 tesla
indicates the presence of additional paramagnetic impurities.
magnetic fields observations are made that can be interpreted as the onset
of paramagnetic behaviour. The magnetization experiments do not allow
to conclude whether this phase-change causes the destruction of the anti-
ferromagnetic coupling, whether the formation of a new magnetic species
(dimer or long range interaction) appears, or whether merely a different
magnetic ground state appears. This last is believed to be the most likely
due to the small difference between the S = 1
2
and the S = 5
2
spinstate of
the manganese ion.
4.4 (HF)-EPR measurements on manganocene
4.4.1 S = 5
2
resonances
At 12 K the X-band EPR shows a small signal at low field with respect
to the main resonance. This small signal is a multiplet reminiscent of an
S = 5
2
spin. At 30 K the multiplet is reduced to a shoulder and at higher
temperatures it becomes unobservable (fig. 4.5).
High frequency EPR at 12 K shows a strong high field signal with
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Figure 4.5: X-band EPR spectra of manganocene at various tem-
peratures. Only at the lowest temperatures an S = 5
2
signal can be
observed alongside the broad resonance at g ≈ 2 for an S = 1
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Figure 4.6: The two resonances of Mn(C5H5)2 at 12 K and
190.31 GHz fitted with an S = 1
2
and an S = 5
2
spin state re-
spectively.
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Figure 4.7: Experimental data at 31 K and 285 GHz compared
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2
and an S = 5
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resonances.
some fine structure and a weak low field signal (fig. 4.6). Around 30 K
the fine structure becomes less pronounced, while the low field signal has
shifted sufficiently to higher field to be observable as a shoulder on the
high field signal (fig. 4.7), while at 70 K the distinction between the two
peaks disappears. Further increase of the temperature narrows down the
only remaining signal (fig. 4.8).
Based on equilibrium theory (see 4.1.2) the presence of an S = 5
2
spin
state is a safe starting point. The multiplet in the X-band spectra at 12 K
and the fine structure of the main resonance in the 190 GHz spectrum can
be described by using Hamiltonian 4.1:
H = μB−→Bg−→S + D
[
S2z −
S(S + 1)
3
]
(4.1)
with giso = 2.0 and D = -0.24 cm−1. As temperature is increased the zero
field splitting decreases up to -0.04 cm−1 for an S = 5
2
signal at 106 K. Since
identical results are obtained under different conditions the assumption of
an S = 5
2
spin state is valid.
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4.4.2 The S = 1
2
like resonance
In the X-band spectra at all temperatures a strong resonance can be seen
at the magnetic field value for an giso = 2, S = 12 spin system (fig. 4.5).
The increase in temperature leads to a reduced height in the first derivative
signal and a small shift towards high magnetic field.
In the high frequency spectra at low temperatures a small low field
signal is observed, that does not display fine structure (fig. 4.6). As the
temperature increases this resonance can be seen to shift towards higher
field values until it finally is superimposed with the S = 5
2
signal described
above (fig. 4.8).
Assuming an equilibrium and based on the X-band data and the ab-
sence of fine structure in the high frequency data, it is reasonable to expect
an S = 1
2
spin system. However the very broad signal and the extreme tem-
perature dependence in both the X-band and high frequency data should
caution us. The g-values determined from fitting the high frequency data
are summarized in figure 4.9. Clearly the difference in temperature depen-
dence between the S = 5
2
and the assumed S = 1
2
state can be seen. Shifts
of the g-value with the strength demonstrated by the alleged S = 1
2
state
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Figure 4.8: The 106 K EPR spectrum of manganocene at
285.46 GHz compared to simulations of both an S = 1
2
and an
S = 5
2
spin system.
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Figure 4.9: The observed giso of the resonances in Mn(C5H5)2 at
various temperatures and EPR frequencies.
(up to 10%) are very uncommon for an EPR transition.
Together with the observed behaviour in the magnetic susceptibility this
leads us to question the validity of an equilibrium between an S = 1
2
and
an S = 5
2
spin state. The presence of an S = 5
2
spin state is confirmed
by the consistency with which high and low frequency EPR data point to
the same parameters for the isotropic g-value and the zero field splitting.
The S = 1
2
like resonance on the other hand does not appear to originate
from an EPR transition. In the next section we try to explain the data by
assuming an anti-ferromagnetic resonance.
4.5 Antiferromagnetic resonance of manganocene
We will restrict ourselves to the general trends of an antiferromagnetic
resonance in our attempt to identify the anomalous resonance as an anti-
ferromagnetic resonance. Explaining the S = 1
2
like resonance as an antifer-
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romagnetic resonance of the S = 5
2
spin state, together with the observed
behaviour in the magnetization experiments would be proof of a single
S = 5
2
ground state at low temperatures.
4.5.1 General antiferromagnetic resonance
The investigation of antiferromagnetic resonance in magnetic materials
is generally performed using the same experimental conditions (high fre-
quency radiation in the presence of high magnetic fields) as EPR techniques.
Usually the large differences in resonance conditions prevent a confusion of
interpretation between an anti-ferromagnetic and an electron paramagnetic
resonance.
An antiferromagnetic material can be thought to exist of two sublattices.
Each sublattice has a net magnetization, but overall the magnetic fields
cancel each other out. Both sublattices may be supposed to be subject
to an exchange field (Be) proportional to the magnetization of the other
sublattice as well as to anisotropy fields (Bk). The secular equation for this
configuration is:
ω20 = γ
2(B2k + 2BeBk) (4.2)
assuming Be  Bk with the exchange field common to both sublattices
equation 4.2 becomes:
ω0 ∼ γ(2BeBk)
1
2 (4.3)
Antiferromagnetic resonance occurs at these frequencies even in the
absence of applied fields. With applied fields the modified calculations lead
to:
ω0 = γB0 ± γ(B2k + 2BeBk)
1
2 (4.4)
The equation describes conditions for which an applied field / frequency
combination causes spin flopping or reordering of the spins in a direction
normal to the original axis, when the temperature is below the Ne´el temper-
ature. Typically the resonance condition is in the order of a few gigaherz.
Reducing the temperature towards absolute zero increases the resonance
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frequency. The rate of increase diminishes with temperature and is nil at
absolute zero.
4.5.2 Antiferromagnetic resonance of quasi 1-D systems
The pure metallocene Mn(C5H5)2 is structurally very similar to the known
quasi 1-D (one dimensional) linear antiferromagnets (CH3)4NMnCl3,
(CH3)2NH2MnCl3 and CsMnCl3·2H2O (and the analogue CsMnCl3·2D2O).
In each of these materials, for structural reasons, dominant super exchange
coupling between Mn2+ ion occurs in -MnCln- chains which extend in speci-
fied directions of the crystals and are magnetically insulated from each
other by the intermediate atoms [19, 20]. This situation is comparable to
the manganocene chain in which the Mn2+ ions are magnetically separated
by cyclopentadienyl rings.
Temperature dependent experiments on these materials at microwave
frequencies showed anomalously large shifts of (assumed) paramagnetic res-
onance lines when the temperature was reduced and the Ne´el temperature
was approached. All microwave experiments on the quasi 1-D antiferromag-
nets show similar behaviour when the temperature is lowered. Well above
the Ne´el temperature the magnetic resonance does not shift. While the tem-
perature approaches the Ne´el temperature a sharp increase of the effective
g-value (up to 10%) is observed [19, 20, 21, 22].
The predicted behaviour with magnetic field and temperature for these
1-D systems is comparable to the behaviour of the anomalous signal in
the high frequency EPR spectra. At high temperatures this resonance is
not existent or it is completely swamped by the relatively temperature
independent resonance of the S = 5
2
spin state.
The observations reported in sections 4.3 and 4.4 are in good agreement
with an antiferromagnetic resonance. The observations of EPR spectra at
temperatures as low as 12 K in an antiferromagnetic ground state can
either be due to the existence of non-magnetically-interacted area’s in the
powder, or of a magnetic phase transition back to a paramagnetic ground
state at high magnetic field. The driving force behind the phase transition
is the decrease of energy associated with the S = 5
2
energy level in high
magnetic field, making the paramagnetic state more favorable than the
antiferromagnetic state. Such a field dependent reversal in the magnetic
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ground state is visible in the magnetic susceptibility data presented in figure
4.4.
4.6 Discussion
Although long-range anti-ferromagnetic resonance can account for the ob-
served effects, we now attempt to obtain the same result by incorporating
pair interaction effects.
The influence of pair interactions on observed EPR spectra and mag-
netization experiments can be quite considerable. The structure of man-
ganocene can be compared to those of the so-called ”ladder” compounds.
In such ladder compounds the formation of spin pairs (as the rungs of a
ladder) is possible. Spin pair formation for the manganocene had already
been investigated by Ko¨ning et.al. to achieve a good fit between their the-
oretical models and the magnetization data of Mn(C5H5)2 obtained at low
field and low temperatures [12]. The difference between the isolated pair
model and the Heisenberg linear chain model they favored is very small.
Both models are based on an S = 5
2
spin with an isotropic g-value of 2.
The interaction energy ( J
k
)4 of the isolated pair model is 22.5 K, while the
antiferromagnetic Heisenberg linear chain has an interaction energy ( J
k
) of
14 K with an interchain correction factor of 5 K.
4.6.1 EPR active dimer systems
Individual atoms may be coupled anti-parallel leading qualitatively to the
observed behaviour in the magnetization, but cannot explain the detection
of EPR. Alternatively parallel coupling leads to an S = 5 system with a
large zero field splitting, depending on the interaction energy, which could
be observable in EPR but could not explain the magnetization data.
To explain the data with an S = 5 spin system and an effective g-
value of 2.00 the zero field splitting was adjusted until the observed ex-
perimental signal was reproduced. The best agreement was achieved with
D = -135 cm−1. To shift the same resonance to an effective g-value of 2.20
4J is the energy of interaction between adjacent spins in the quasi 1-D chains. For
ease of comparison it is divided by the Boltzman constant k to yield an energy expressed
in K.
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at 12 K D had to be adjusted to about -105 cm−1. However, at low temper-
atures the distances between the manganocene units is decreased, leading
to an increased overlap of the wave functions between the Mn2+ 3d orbitals
and the π orbitals on the cyclopentadiene rings. The increase of the over-
lap would result in an increase of the interaction energy, and hence of the
zero field splitting. Furthermore the magnetization behavior would be ferro-
magnetic, instead of the observed anti-ferromagnetic behaviour. Therefore
short-range spin coupling limited to the formation of dimer systems is un-
likely to be the cause of the observations made in EPR and magnetization.
4.7 Conclusion
The magnetization per manganese ion is found to be almost linear with
magnetic field and nearly independent of temperature in the range 10 to
100 K. Due to the low absolute values at maximum field and minimum tem-
perature it cannot be said whether it is an S = 1
2
or an S = 5
2
spin system.
The magnetic susceptibility decreases with decreasing temperature as one
would expect from an antiferromagnetically coupled system. At fields above
5 tesla the magnetic susceptibility increases at temperatures below 20 K.
This behaviour suggests that the sample is restored to the paramagnetic
ground state.
The low temperature (< 20 K) X-band EPR spectra show a weak mul-
tiplet at geff = 4.2. The position and hyperfine structure are consistent
with an Mn2+, S = 5
2
spin system with giso = 2.0 and D = -0.24 cm−1.
The spectra are however dominated by a broad feature at giso ≈ 2. As
the temperature increases the weak signal becomes unobservable while the
dominant signal narrows down and decreases in intensity.
High field, high frequency EPR at low temperatures (around 12 K) show
a strong signal with structure consistent with an Mn2+, S = 5
2
state with
a small zero field splitting (D ≈ -0.20 cm−1). Furthermore a weak (low
field) signal is observed at geff = 2.20. As the temperature is increased the
low field signal shifts towards higher field and blends with the S = 5
2
res-
onance at geff = 2.00. Simultaneously the observed fine structure on the
S = 5
2
resonance becomes less pronounced due to a reduction of the zero
field splitting. At temperatures above 100 K the remaining (single) reso-
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nance is equally well described by an S = 5
2
as an S = 1
2
spin state. The
shift in g-value of the low field signal in the temperature range 12 to 100 K
is of the order of 10%, much more than one would expect for strongly in-
fluenced paramagnetic systems. The overall tendency is in accordance with
an antiferromagnetic resonance and we propose that the low field signal
originates from the AFMR resonance of the quasi-1-dimensional chains.
Based on the magnetic phase transition at 5 tesla and the relative inten-
sities of the antiferromagnetic and the EPR resonance in the EPR spectra
the small exchange leading to antiferromagnetic behaviour is estimated to
be in the order of 13 cm−1. This value is both consistent with the exchange
energy as predicted by Ko¨nig et.al [12] and with the temperature below
which the magnetic phase changes occur.
By assigning the anomalously behaving resonance to an antiferromag-
netic resonance no evidence is found for a high-spin low-spin equilibrium
in the ground state of pure Mn(C5H5)2. The ground state is determined
by the EPR spectra to be S = 5
2
with a zero field splitting in the order
of -0.20 cm−1. The shifts that have been noted in the zero field splitting
at various temperatures are most probably due to the shortening of the
manganese-manganese vector. This increases the η3 and η2 overlap with
the neighboring cyclopentadienyl rings. The increasing overlap in return
influences the zero field energy of the manganese 3d orbitals.
At low temperatures an exchange interaction leads to a weak antiferro-
magnetic coupling. At a magnetic field of about 5 tesla a magnetic phase
transition occurs, overcoming the antiferromagnetic exchange and favoring
the paramagnetic ground state.
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Chapter 5
The magnetic ground state
of molecular oxygen
Abstract
The magnetic ground state of solid molecular oxygen at low temperatures
was never fully understood. For pure oxygen a rigid magnetic ground state
consisting of an S = 1 triplet with a fixed zero field splitting is assumed. No
EPR of oxygen diluted in a host matrix at temperatures above 25 K is pub-
lished, because of the decrease of the EPR signal with temperature which
was generally attributed to line broadening. However recently it has been
shown that the local, magnetic moment of individual oxygen molecules in
solid oxygen exhibits a steplike discontinuity at the crystallographic α → β
phase transition at 25 K, and therefore the loss of signal may have a deeper
reason.
Our high frequency EPR data show that, simultaneous with the disap-
pearance of the spin triplet states, a reduction of the zero field splitting is
observed. This reduction of the zero field splitting, together with the van-
ishing S = 1 states, can be seen as a prelude to a change of the ground
state.
Furthermore a broad quasi-continuum was observed that persisted at
temperatures where the S = 1 resonances become undetectable. This quasi-
continuum narrows down from 5 to 2 tesla with increasing temperature and
becomes more pronounced.
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The quasi-continuum originates from two unpaired electrons of molecu-
lar oxygen in an uncorrelated state, resulting from a perturbation of the
S = 1 state. The general low temperature physical and chemical proper-
ties of molecular oxygen in view of such a change in the ground state are
discussed.
5.1 Introduction
5.1.1 A short history of oxygen
Oxygen is the third most abundant element on earth. In one form or another
it makes up for nearly 1
2
of the earth’s crust, roughly 2
3
of the human body
and 1
5
of the air we breathe [1]. Despite it’s relative abundance it is one of
the more difficult elements to identify. Although the first methods of oxygen
preparation date back to the early 18th century, none of the contemporary
scientists recognized it as an elementary substance, or studied it’s properties
in detail. Probably the first (al)chemist to study the properties of oxygen
was C.W. Scheele. Scheele is reported to discover and identify many gases
and elements, but he is not credited with the discovery of any of them. In
his work on Air and Fire [2] the instructions on how to prepare oxygen are
reported, but the publication was delayed until 1777 [3]. Three years earlier
J. Priestley [4] had already published his method for the preparation of a
colorless gas by heating mercury oxide. This gas would make a candle burn
not only ”. . . with a remarkable vigorous flame . . . ” but also for a longer
time when put in an enclosed space. According to theory at that time
air could no longer support combustion or life when it became saturated
with phlogiston, the compound believed to be released into the air during
combustion [5]. He therefore called this unknown gas ”dephlogisticated air”.
It was due to his careful quantitative experimental work that Lavoisier
noticed conservation of mass in chemical reactions and that combustion in-
volved a reaction with oxygen. He proposed the oxygen theory of combus-
tion and described it’s role in oxidation and respiration [6]. After realizing
that oxygen was an elemental gas it was Lavoisier who proposed the name
oxygen from the Greek oxys, meaning sharp or acid and genes, meaning
forming or generating [1, 6].
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Figure 5.1: The energy level diagram of oxygen in which the
interaction of the 2s and 2p atomic orbitals has been taken into
account for the relative energies. The S = 1 state originates from
the exchange interactions between the 2pπ∗ orbitals.
5.1.2 The ground state of molecular oxygen
Molecular oxygen at room temperature and ambient pressure is a colorless
gas with an unusual bi-radical ground state due to the arrangement of the
16 electrons over the available molecular orbitals (fig. 5.1).
1sσ2g 1sσ
∗2
u 2sσ
2
g 2sσ
∗2
u 2pπ
4
u 2pσ
2
g 2pπ
∗2
g
The subscripts g and u denote ”gerade” or ”ungerade” molecular or-
bitals. The superscript * specifies that the corresponding electrons pop-
ulate an anti-bonding molecular orbital. The unpaired 2pπ∗g electrons in-
teract to form three symmetric (↑↑, ↓↓ and (↑↓ + ↓↑)) and one antisym-
metric (↑↓ − ↓↑) electronic state [7, page 220-224]. The relative energies
of these states is determined by the amount and nature of the exchange
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Figure 5.2: Visual representation of one of two the 2pπ∗ molecular
orbitals. The oxygen atoms are located near the ends of the center
bar. The antibonding orbital perpendicular to the one depicted
here has no formal overlap with the shown orbital.
interaction (J ). A positive value of J favors the symmetric states. The ex-
perimentally observed S = 1 state can be understood by applying Hund’s
rule of maximum multiplicity for molecules, as is normally done for atoms.
The configuration with the two degenerate highest occupied orbitals gives
rise to a 3
∑
ground state [8]. A second viewpoint explaining a triplet
ground state stems from the analogy with orbital interaction in conjugated
transition metal ions. A rule of thumb proposed by Goodenough and Ka-
mamori states that the exchange interaction between orbitals of unpaired
electrons, which have no formal overlap integral, but are arranged in such
a way as to be in contact is positive [9, chapter 1]. The interacting 2pπ∗
molecular orbitals (fig. 5.2) have no formal overlap, but due to the small
percentage of s-orbital they can be thought of as being in contact.
Spin-spin interactions cause a zero field splitting for the low lying elec-
tronic states. For gas phase molecular oxygen this zero field splitting (D),
is reported to be 3.994 cm−1 [10]. The gas phase ground state can be ade-
quately described by the simplified Hamiltonian 5.1 for an S = 1 system,
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Figure 5.3: The relative energy of the symmetric electronic states
for various magnetic field directions. The different orientations
with respect to the magnetic field mixes the pure spin states and
allow previously forbidden transitions. Calculations were based on
giso = 2.0023 and D = 3.994 cm−1.
disregarding the presence of the anti-symmetric energy level, rotational and
vibrational terms [11, 12, 13, 14]:
H = μB−→Bg−→S + D
[
S2z −
S(S + 1)
3
]
(5.1)
Oxygen liquefies at 90.2 K, into a paramagnetic fluid. Below 54.8 K
oxygen solidifies in the first ”rotationally disordered (plastic)-phase”, or
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γ-phase, a paramagnetic phase. At 43.6 K γ-oxygen undergoes an antifer-
romagnetic phase transition to β-oxygen, an antiferromagnetic solid. At
23.9 K a second antiferromagnetic phase transition changes the crystal
structure from a hR2 (R3m) to mC4 (C2m), characterized by a doubling of
the antiferromagnetic lattice [1, 15]. It is speculated that the driving force
behind this doubling is an extension from short range antiferromagnetic
domains to a fully antiferromagnetic structure. As a result oxygen has a
magnetic structure, resulting in spin wave dynamics. The molecular crystals
have been studied quite well, as the review article of G.C. DeFotis shows
[15]. The antiferromagnetic structure of pure molecular oxygen makes it
difficult to determine the spin state of the oxygen molecules. Generally it
is assumed that the spin state of oxygen molecules in the gas phase is also
valid in the solid state and not influenced by the surroundings of the in-
dividual oxygen molecules. In order to reconcile the theoretical predictions
better with the experimental data, preferred spin directions were assumed,
resulting in long range quasi 1 and 2 dimensional structures [16, 17].
EPR-spectra in the magnetic field range of conventional EPR spec-
trometers have been reported for the liquid and γ-phase of pure molecular
oxygen. The observed line broadening was believed to originate from in-
termolecular interactions, analogous to the long range interactions in the
α and β phases. A decrease in line width was reported as the temperature
was raised [18, 19, 20].
5.2 Contradicting indications
5.2.1 Pure molecular oxygen
β-Oxygen is antiferromagnetically ordered and has no net magnetization
that can be correlated to individual molecules or moments. Measurements
of both the magnetic susceptibility and the crystal structure demonstrated
that the phase transition from β to α oxygen is accompanied by a discon-
tinuous decrease in the magnetic susceptibility [21, 22]. Assuming a rigid
anti-ferromagnetic ground state the β to α transition was attributed to an
extension from short range ordering into long range ordering [23]. Only re-
cently it was shown with the aid of Muon Spin Resonance (μSR) that at
the antiferromagnetic β → α transition a steplike increase of local magnetic
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moment of oxygen molecules from 0.8 to 1.5 Bohr magneton occurs [24], in-
dicating that the triplet spin state of the oxygen molecule is not completely
rigid.
5.2.2 Diluted molecular oxygen
Molecular oxygen can be diluted in a (diamagnetic) host lattice to minimize
long range magnetic interactions. EPR measurements on such systems have
been reported in the early 1950’s [25]. It was not until 1970 that the first
EPR spectra of molecular oxygen diluted in an inert gas host lattice was
presented and discussed1 [11]. These first experiments were performed at
X- and K-band frequencies. Allowing only the nominally forbidden Δm = 2
transition. Consequently the reported values for D were varied (table 5.1).
Table 5.1: Reported g- and D -values for various hosts and tem-
peratures. The D values have been converted to cm−1 for ease of
comparison.
Matrix g D [cm−1] E [cm−1] T [K] Ref
NaClO3 2.004 2.006 2.003 3.743 0.33 4.2 [13]
NaClO3 2.0049 2.0049 2.0022 3.742 0.131 4.2 [13]
KClO4 2.0049 2.0049 2.0022 3.769 0.502 2.7 [13]
KClO4 2.0047 2.0049 2.0023 3.468 1.985 – [13]
KBrO4 1.99 2.015 1.996 3.656 – ≈ 26 [12]
KBrO4 1.98 2.01 2.01 3.636 – ≈ 26 [12]
N2 2.0 2.0 2.0 3.612 – < 20 [20]
N2 2.0 2.0 2.0 3.572 – 4.2 [11]
N2 2.0 2.0 2.0 3.572 – 16 [11]
N2 2.02 2.02 2.02 3.602 – < 20 [29]
N2 2.000 2.000 2.000 3.572 – 5 [14]
CO 2.0 2.0 2.0 3.619 – < 20 [20]
CO 2.02 2.02 2.02 3.602 – < 20 [29]
1In contemporary textbooks frozen air is reported to account for dielectric losses in
conventional EPR-spectrometers. Due to their relatively low frequencies no mention was
made of the EPR signals that one could expect from the transitions in the triplet state
of molecular oxygen [26, 27, 28].
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Molecular oxygen is formed in certain crystals after irradiation with
either photons or electrons and EPR spectra have been recorded of oxy-
gen molecules in NaClO3, KClO4, LiO2 and amorphous aluminum borates
[12, 13, 30, 31]. The reported g-values for the different matrices are nearly
identical, despite the different lattice sites in the various hosts (table 5.1).
The EPR data of diluted molecular oxygen have been reported for tem-
peratures up to about 25 K (table 5.1) and upwards of 60 K [18, 19]. The
S = 1 signal is reported to broaden when the temperature is raised, be-
coming undetectable above approximately 25 K [10, 20, 29].
5.3 Experimental set-up
The present experiments were performed with the set-up described in sec-
tion 2.4. The desired oxygen concentrations were prepared by mixing the
appropriate partial pressures of oxygen and the host gas in a 0.5 L lecture
bottle. Transfer to the sample holder was by means of a small capillary in
the waveguide. Two procedures were used to condense the gas-mixture in
the sample holder:
1. The flow cryostat was stabilized at a temperature of 70 K at which
both gases would liquefy in the sample holder. After allowing the gas
some time to collect in the sample holder the temperature was lowered
to the desired experimental temperature.
2. The flow cryostat was cooled down to about 10 K. The low temper-
ature results in a near instant solidification when the gas mixture
comes in contact with the sample holder. In order to prevent heating
of the sample holder the gas mixture was added in small amounts.
Afterwards the temperature was raised to the desired experimental
temperature.
The first procedure gives the best results for mixtures where the liq-
uefied gases mix, as is the case for oxygen and nitrogen. If the two gases
separate in the liquid phase, such as appears to be the case for oxygen and
argon, the second procedure is better since the fast solidification prevents
phase separation.
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The dilution of oxygen in carbon dioxide did not yield an S = 1 reso-
nance at low temperatures, regardless of the concentration. Probably the
difference between the high sublimation point of carbon dioxide (195 K),
and the boiling point of oxygen (90 K) results in phase separation.
5.4 Experimental determination of the low tem-
perature ground state of molecular oxygen by
HF-EPR
5.4.1 Determination of the zero field splitting
EPR spectra were recorded for various concentrations of oxygen in a nitro-
gen matrix at frequencies ranging from 80 to 380 GHz. Special attention
was paid to the range 80 to 120 GHz. All measurements performed at oxy-
gen concentrations of 0.4, 4 and 20 % could be fitted with Hamiltonian 5.1
for an S = 1 system assuming a random distribution. In the loading process
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Figure 5.4: The real (A) and imaginary part (B) of a typical EPR
resonance of O2 diluted in an N2 matrix at 15 K compared with
simulations based on S = 1, giso = 2.0023 and D = 3.497 cm−1.
Due to the occurrences of both parallel and perpendicular excita-
tions both processes have to be combined for an accurate fit at low
field. At high magnetic field the intensity of the parallel transition
is negligible.
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Figure 5.5: Resonance positions of oxygen EPR spectra in a ni-
trogen matrix at 15 K. The drawn lines are theoretical values
based on S = 1, giso = 2.0023 and D = 3.497 cm−1.
the location where the gas mixture solidifies is not under full control. Most
of the EPR active centers will condense on the bottom of the non-resonant
sample holder, but a small part will solidify in an area where the exter-
nal and oscillating magnetic fields are parallel. Although this is usually a
weak transition, becoming even weaker at high magnetic fields, it is suffi-
ciently present to need both perpendicular and parallel EPR transitions for
a good fit (fig. 5.4). The resonance at 12 T was weak at 15 K temperature
and became unobservable at higher temperatures. At concentrations of 50
and 80 % oxygen no EPR signal could be detected. Presumably oxygen
forms antiferromagnetic domains at these concentrations which are EPR
silent. The observed giso of 2.0023 is in agreement with both gas phase
measurements and theory [32, 33, 34]. The zero field splitting at 15 K was
determined to be 3.497 cm−1, without rhombicity.
The zero field splitting was determined by two independent methods:
observation of the direct microwave transition at zero magnetic field and a
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fit through the resonance frequencies against the magnetic field value (fig.
5.5). Filled and open markers represent high and low intensity resonances
respectively. The drawn lines are the theoretical values based on S = 1,
giso = 2.0023 and D = 3.497 cm−1. Experiments on a 10 % concentration
of oxygen in an argon host yielded nearly identical parameters at low tem-
peratures. Overall there is good agreement between experimental results
and the theoretical description. Despite the unambiguous assignment of D
in this type of experiment it differs remarkably from the 3.572(3) cm−1
reported by Pardi and coworkers, who employed a similar approach to de-
termine D in solid air at 5 K [14], in the following section an explanation
is proposed for this discrepancy.
5.4.2 Temperature dependence of the S = 1 resonances
The temperature dependence was studied in the range 15 to 50 K. Typical
low temperature spectra are shown in figure 5.6. Two effects of the temper-
ature are a shift of the observed resonances to higher magnetic field values
and a simultaneous decrease of the observed intensity (or more correctly the
observed height of the first derivative of the signal) and weak line broad-
ening with increasing temperature. Both resonances become undetectable
near 25 K.
Shift to higher magnetic field values
The temperature dependent field shift indicates a reduced D. The decrease
of D becomes more pronounced at higher temperatures, independent of the
oxygen concentration (fig. 5.7). The temperature dependence of the zero
field splitting reflects a changing sensitivity to the environment. To exclude
a matrix effect the same data has been collected on oxygen diluted in an
argon matrix. Here the same temperature dependence can be seen, but is
more pronounced (fig. 5.8).
Temperature dependent changes of D for molecular oxygen in a host lat-
tice have been reported before and were attributed to hindered librational
motion in the host crystal lattice. The librational motion was thought to
couple to the spin state by means of off-diagonal matrix elements [10, 13,
34]. For small corrections to the resonance position this coupling is suffi-
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Figure 5.6: The temperature dependence of the two observable
resonances of oxygen in a solid nitrogen host at 285 GHz. The shift
to higher field values and the decreased height in combination with
line broadening are visible. Only the trace corresponding to the
first derivative of the real part of the resonance is plotted.
cient, but it is stretched to its limit to explain the relatively large shift in
D near 25 K. The proposed population of higher order librational modes
fails for high frequency experiments. The proposed zero field splitting of
the first excited librational state is about 3.1 cm−1 which is low enough
to be observable as an individual signal alongside the signal of the ground
state librational motion in the 285 GHz spectra, which did not show in any
of the EPR spectra we recorded. [10, 34]. Furthermore it would be field
independent, while the observed behaviour is field dependent.
Disappearance of the S = 1 signal
Previously the decrease in intensity of the S = 1 transitions was attributed
to line broadening [13, 29], which indeed occurs simultaneously with a de-
crease in amplitude. The line widths obtained in fitting the data are plotted
in figure 5.9 showing a strong increase between 15 and 25 K. However, the
maximum line width observed at 25 K is only 70 mT, which for HF-EPR
is not particularly broad and cannot be responsible for the disappearing of
the S = 1 signal above 25 K.
The integrated intensity of an optical transition is proportional to the
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Figure 5.7: The decrease of D with temperature for molecular
oxygen in a nitrogen matrix. The concentration of oxygen does
not appear to have a significant influence. Above 25 K no S = 1
signal could be detected.
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Figure 5.8: Temperature dependence of the zero field splitting of
a 10 % concentration of molecular oxygen in an argon host lattice.
The dotted line is the temperature dependence of the zero field
splitting of oxygen in a nitrogen host, reproduced from figure 5.7.
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Figure 5.10: Corrected total oscillator strengths for triplet mo-
lecular oxygen in a nitrogen host lattice. The signal strength ob-
served at 15 K is normalized to 1. The strong decrease identifies
the reduction of observed signal strength as a disappearance of
the S = 1 states.
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number of oscillators present in the system. The number of participating
oscillators can therefore be determined by calculating the double integral
of the recorded first derivative spectra [26, p. 591]. A change in intensity is
expected by the temperature dependence of the zero field splitting which
affects the thermal occupation of the energy levels because of the change
in energy, but this is too small and cannot account for it. Furthermore this
is an effect that can be corrected for. The total oscillator strengths after
correction for various temperatures are plotted in figure 5.10. Clearly it can
be seen that increasing temperatures cause a decrease in the total oscillator
strength, which indicates the loss of molecular oxygen in a triplet spin state.
Observation of a quasi-continuum at g ≈ 2 for S = 1
2
At low temperatures S = 1 transitions could readily be detected in direct
detection (no field modulation), but surprisingly they are super-imposed on
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Figure 5.11: Direct detection of the EPR transitions of molecu-
lar oxygen in a nitrogen host at 285 GHz. The expected S = 1
transitions at low temperature are marked with arrows. In the
high temperature spectrum the expected position for a g = 2.0,
S = 1
2
resonance is marked by the dotted line.
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a very broad quasi-continuum (fig. 5.11) which is independent of concen-
tration. In literature no mention is made of the existence of such a quasi-
continuum. In order to check for contamination different sample holders
were prepared, and it was verified that the quasi-continuum is only present
after loading. On the basis of the available number of spins for the lowest
concentration of oxygen (0.4 %) approximately 5.4·1018 spins are present
in the set-up. This value lies well within the detection limit of the non-
resonant EPR-set-up (see section 2.4.3) and leads us to believe that oxygen
is the source of this broad signal. The quasi-continuum prevails at the
intermediate temperatures where the S = 1 resonances are unobservable.
Furthermore at increasing temperatures the quasi-continuum narrows down
considerably, ranging from a full width at half maximum of 5 tesla at 15 K
to about 2 tesla at 45 K. At 45 K it is located slightly below the expected
magnetic field value for an S = 1
2
system with giso = 2.0 at 285 GHz. We
therefore belief that the broad continuum is caused by an S = 1
2
species
with very strong interactions.
5.5 Discussion
The spin triplet state of molecular oxygen in the solid state was always
assumed to be rigid. Small variations of D with respect to the gas phase
value of 3.994 cm−1 were attributed to the imperfect crystal structure of
the host lattice. For molecular oxygen in the gas phase the assumption of
an unperturbed (rigid) ground state still appears to be correct. As soon
as the oxygen molecules interact with a host lattice in a condensed phase
observations can be made that invalidate the assumption of a rigid ground
state.
5.5.1 Measurements on pure molecular oxygen
Measurements of the EPR spectra of molecular oxygen in the gas phase have
been the foundation of the magnetic ground state. In the gas phase the oxy-
gen molecules are not disturbed by the presence of interactions resulting in
the measurement of the ”pure” ground state. Microwave magnetic experi-
ments at elevated temperatures show different rotationally excited signals,
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Figure 5.12: Oxygen molecule shown within a cage modeled on
the hcp lattice of solid nitrogen, reproduced from [37]. The nodes
of the cage are the centers of mass of the surrounding molecules.
The arrangement of triangular and square faces in the cage results
in three positions of minimum interaction.
but both the zero field splitting (D) and the isotropic g-value remain con-
stant [25, 35, 36].
The EPR spectrum of oxygen in the liquid phase, as observed by others
and ourself, is remarkably different [18, 19, 20]. Very broad resonances are
observed. Originally this extreme broadening was attributed to interactions
between the triplet states, but in our own experiments the same behaviour
was observed when oxygen was diluted in nitrogen to a concentration of 1
in 200 molecules.
5.5.2 Oxygen diluted in a host matrix
The rotational/vibrational (= librational) motion of the oxygen molecule
in a solid host can be envisioned as a barbel in a cage. For oxygen in a
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nitrogen host this has been visualized in figure 5.12. Since the relative sizes
of oxygen and nitrogen differ by only 2% [38, 39] it can be safely assumed
that oxygen replaces nitrogen in the crystal structure. Oxygen is reported to
start a librational motion at temperatures of about 10 K [40]. Extrapolation
from figures 5.7 and 5.8 show that the zero field splitting starts to decrease
noticeably from this temperature, indicating a dependence of the zero field
splitting on the temperature. The nitrogen molecules on the other hand are
restricted in their librational motion until 35 K [41], while Argon only has
one solid state. This rules out that the observed effects on the oxygen EPR
spectra are due to a disturbance of the host lattice.
5.6 Conclusion
The disappearance of the S = 1 signal of molecular oxygen diluted in a dia-
magnetic host, combined with the strong reduction of the zero field splitting
at elevated temperatures indicates a breakdown of the triplet ground state
of molecular oxygen. Direct detection methods revealed that at relatively
low temperatures an additional EPR signal can be detected which spans
several tesla. This broad quasi-continuum persists at temperatures where
the S = 1 signal cannot be measured and narrows at higher temperatures.
The center of the quasi-continuum is located slightly below the g = 2.0
position for an S = 1
2
system. It is proposed that the interaction of the oxy-
gen molecule with the environment perturbs the ground state in a way that
allows the two unpaired electrons in the antibonding orbitals to interact,
but not sufficient to couple into an S = 1 state. The resulting ground state
being two interacting, but essentially incoherent, S = 1
2
spins on the same
oxygen molecule. This perturbation of the ground-state might also explain
some of the observations reported using other spectroscopic studies. The
transformation of the ground state is consistent with the data observed
on the local magnetic moment of pure oxygen at the α → β transition
temperature.
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Summary
Electron Paramagnetic Resonance (EPR) is a technique that is intrinsi-
cally limited to unpaired electron spins in various matrices. Traditionally
the frequencies at which EPR set-ups operated were limited (9, 22, 35 and
recently 95 GHz). Current state of the art set-ups operate at frequencies of
130 GHz or above. The benefits of EPR operation at high frequencies are
the increased g-tensor resolution and the ability to measure spins systems
with a large zero field splitting (D). Theoretically an increase of the sensi-
tivity is predicted, but due to restrictions on resonator and sample size the
effect is limited. Ease of use is improved by employing non-resonant and/or
oversized techniques, at the expense of sensitivity.
Using HF-EPR data in combination with other techniques the ground
state and/or the presence of a magnetic phase transition in a number of
spin systems with unusual properties have been studied.
Multifrequency EPR measurements on Ni2+ ions both above and below
the crystallographic phase transition temperature of the Zn(en)3(NO3)2
host indicated that the additional resonance alongside the S = 1 multiplet of
the Ni2+ ions did not originate from the alleged double quantum resonance.
The most probable cause for the observed resonance was the presence of
an S = 3
2
impurity. Theoretical predictions of how an S = 3
2
impurity
would behave when enclosed in the Zn(en)3(NO3)2 host matrix were in
good agreement with the results observed.
Pure Mn(C5H5)2 is a salt with an elusive ground state. Theoretically
the Mn2+ ions can exist in a low spin (S = 1
2
) or a high spin (S = 5
2
) state.
In diluted specimens both spin states and equilibria between the two states
have been detected. By combining multifrequency EPR measurements of
the powdered solid at various temperatures with data obtained from mag-
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netization measurements we determined the ground state to be S = 5
2
.
Due to magnetic interactions an additional resonance is observed alongside
the S = 5
2
resonance. By deduction this signal is attributed to the antifer-
romagnetic resonance of the quasi 1-dimensional chains that exist within
the solid. At low magnetic fields and temperatures this is the predominant
signal observed in an EPR spectrum.
The ground state of solid molecular oxygen was assumed to be a rigid
S = 1 spin system. EPR measurements on molecular oxygen at various
concentrations in host matrices indicated that the S = 1 spin system is
not rigid. In the lowest temperature region the S = 1 spins exhibit a
sharp decrease of the total intensity and the zero field splitting value upon
approaching 25 K. Simultaneously a very broad resonance was observed
at g ≈ 2 for an S = 1
2
spin system. The broad quasi-continuum could
be observed up to the melting point of the host matrices. Combining the
experimental data with data from literature led to the conclusion that the
ground state of molecular oxygen is susceptible to changes. Under certain
conditions the S = 1 spin state is disrupted. The resulting S = 1
2
spinstates
are exchange broadened due to their close proximity.
The number of systems where EPR can be used in determining ground
state properties of materials are few. The data (HF)-EPR can yield, espe-
cially when combined with data from other sources, give a unique insight
in the (para) magnetic state of materials. An insight that other techniques
cannot provide. Therefore the current development of HF-EPR systems, in
tandem with other high field techniques is fully justified.
Samenvatting
Electron Paramagnetische Resonantie (EPR) is een techniek die intrinsiek
gelimiteerd is tot systemen van ongepaarde electron spins binnen verschil-
lende matrices. Traditioneel zijn de frequenties altijd beperkt geweest (9,
22, 35 en recentelijk 95 GHz). De huidige generatie apparatuur werkt met
frequenties van 130 GHz en hoger. De voordelen van EPR bij hogere fre-
quenties zijn de verbeterde g-tensor resolutie en de mogelijkheid om spin
systemen te meten met een grote nulveld splitsing. Theoretisch wordt ook
een verhoging van de gevoeligheid voorspeld, maar restricties aan de res-
onator en monstergrootte limiteren dat effect. Gebruiksgemak wordt verkre-
gen door gebruik te maken van niet-resonante of oversized technieken, ten
koste van een lagere gevoeligheid. Door gebruik te maken van HF-EPR
data in combinatie met andere technieken is de grond-toestand en/of de
aanwezigheid van magnetische fase overgangen in een aantal spin systemen
met ongewone eigenschappen bestudeerd.
Multifrequente EPR metingen aan Ni2+ ionen zowel boven als onder de
crystallografische fase overgangstemperatuur van een Zn(en)3(NO3)2 ma-
trix tonen aan dat het extra signaal naast het S = 1 multiplet niet afkomstig
is van een dubbel quantum resonantie. De meest waarschijnlijke oorzaak van
de geobserveerde resonantie was de aanwezigheid van een S = 3
2
verontrei-
niging. Theoretische voorspellingen over hoe een S = 3
2
verontreiniging zich
gedraagt in de Zn(en)3(NO3)2 matrix laten goede overeenkomsten zien met
de geobserveerde resultaten.
Zuiver Mn(C5H5)2 is een zout met een moeilijk te bepalen grondtoes-
tand. Theoretisch kunnen de Mn2+ ionen voorkomen in een laag- (S = 1
2
)
en een hoog-spin (S = 5
2
) configuratie. In verdunde toestand zijn beide con-
figuraties, en evenwichten tussen beide aangetroffen. Door multifrequente
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EPR metingen aan verpoederd Mn(C5H5)2 op verscheidene temperaturen
te combineren met magnetisatie metingen is de grondtoestand bepaald als
zijnde S = 5
2
. Door magnetische interacties wordt een tweede signaal naast
de S = 5
2
resonantie waargenomen. Door deductie is dit signaal toegewezen
aan de antiferromagnetische resonantie van de quasi 1-dimensionale ketens
die bestaan binnen de vaste stof. Op lage magnetische velden en tempera-
turen is de antiferromagnetische resonatie het belangrijkste signaal binnen
een EPR spectrum.
Van de grondtoestand van vast moleculair zuurstof werd altijd aange-
nomen dat het een rigide S = 1 systeem was. EPR metingen aan mo-
leculair zuurstof in verschillende concentraties en matrices geven aan dat
het S = 1 spin systeem niet rigide is. In het laagste temperatuurgebied is
een scherpe daling te zien van de totale intensiteit en de nulveld splitsing
bij het bereiken van 25 K. Tegelijkertijd kan een breed quasi continuu¨m
worden geobserveerd bij g ≈ 2 voor een S = 1
2
spin systeem. Dit quasi
continuu¨m bleef zichtbaar tot aan het smeltpunt van de host matrices. Het
combineren van de experimentele data met literatuur gegevens leidde ons
tot de conclusie dat de grondtoestand van moleculair zuurstof in een ma-
trix be¨ınvloed word. De resulterende S = 1
2
spin toestanden zijn exchange
verbreed door hun onderlinge nabijheid.
Het aantal materialen waar EPR gebruikt kan worden om de grond-
toestand te achterhalen is beperkt. De gegevens die (HF-)EPR kan leveren,
vooral gecombineerd met gegevens van andere bronnen, geven een uniek
inzicht in de (para)magnetische grondtoestand van materialen. Daarom is
de huidige ontwikkeling van HF-EPR systemen, volledig terecht.
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